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INTRODUCTION

The early detection of breast cancer is a major prognostic factor in the management of the
disease. In particular, detecting breast cancer in its pre-invasive form as ductal carcinoma in situ
(DCIS) improves prognosis greatly compared with invasive tumors. Although dynamic contrast
enhanced MR imaging (DCEMRI) of the breast has demonstrated high sensitivity to invasive
breast cancer, there is room for improving the diagnostic accuracy of DCEMRI to DCIS.
However, a competing clinical concern is that DCIS is being overdiagnosed and overtreated, as
there is evidence to suggest that not all DCIS lesions will progress into invasive cancers. ldeally,
improvements in the detection early breast cancer would be accompanied by an improved
understanding of its natural history, so that as cancers are detected at earlier stages, those that are
aggressive and life-threatening can be distinguished from those that are more indolent.

The goals of this project are to improve sensitivity and specificity of DCEMRI to DCIS
by comparing its kinetic and morphologic features with other types of breast lesions, and to use
mouse models to probe the progression of DCIS into invasive cancer. The specific aims are to:
(1) characterize the MR kinetic and morphologic findings of DCIS in women and compare with
benign lesions and other malignant cancers, (2) develop techniques to detect early mammary
cancer in mice, and (3) study the development and progression of early mammary cancer in mice
by performing longitudinal MRI studies of development of DCIS and transition to invasive
cancer.



BODY

During the third year of funding of this award, we have continued to work on accomplishing
many of the aims of the approved Statement of Work.

Task 1. To evaluate the development of ductal carcinoma in situ (DCIS) in mammary glands of
a transgenic mouse model via MRI.

a. Develop in vivo high resolution imaging of mouse mammary glands.

b. Perform detailed correlation of MRI with histology to improve understanding of features
on MR images.

c. Perform serial MRI studies to follow mice while DCIS develops and continue to follow
the transition to invasive cancer.

Task 1la and 1b: We have previously reported that we had developed techniques to image early
cancer, including DCIS, in the SV40 Tag transgenic mouse model of breast cancer and had
performed a sensitivity and specificity study by making correlations of images with histology.
We had performed quantitative analysis of image properties, such as signal-to-noise ratio and
contrast-to-noise ratio. We had also assessed murine lesion morphology and found that there
were many similarities between human and murine cancers: DCIS lesions presented as nonmass
lesions in a ductal shape, while early invasive tumors appeared as round masses. This work was
published in October 2008 (see page 32 in the Appendix).

Task 1c: Last year, we had reported some preliminary analysis of a serial imaging study we
performed following the progression of DCIS into invasive cancer in 12 SV40 Tag mice. During
this past year, we have refined and extended this analysis and have recently submitted a
manuscript for publication of this work (please see page 127 for manuscript in Appendix). We
were surprised to find that even in these mice that are genetically predisposed to develop
invasive carcinoma, DCIS lesions took vastly different progression paths (please see page 162
for Figure in Appendix): (i) 9 lesions progressed to invasive tumors with an average progression
time of 4.6 + 1.9 weeks (ii) 2 lesions regressed, i.e., these lesion were not detected on future
images, and (iii) 5 were stable for over 8 weeks, and were identified by a statistical model to
represent indolent disease. We investigated whether certain lesions features were predictive of
progression, i.e., could distinguish progressing from indolent DCIS. In this small study, we did
not find strong evidence for predictive markers. Interestingly, a larger lesion size was not
predictive of future invasive transformation, but there was a trend for growth rate to be related to
eventual progression (please see page 158 for Table in Appendix).



Vi
Task 2. To perform quantitative and qualitative analysis of clinical breast dynamic contrast
enhanced magnetic resonance images (DCEMRI).

a. Maintain research database.

b. Quantitative assessment and mathematical modeling of enhancement patterns in lesions
of many pathology subtypes.

c. Quantitative assessment of parenchymal enhancement patterns in the normal breast.

d. Use recently developed imaging methods and develop novel imaging acquisitions.

Task 2a: We have continued to maintain the research database. It now contains approximately
4500 records, with ~ 1200 histologically proven malignant lesions, ~350 histologically proven
benign lesions and over 2000 normal MR exams. We have also spent time this year to integrate
this database with another breast cancer database maintained at the University of Chicago
developed for the SPORE project. The existing SPORE database collects detailed information
on lesion pathology (such as TNM stage, margin status, type of surgery performed), molecular
markers (ER, PR, Her2/Neu) and genotyping on over 7000 women. By integrating our imaging
findings with this database, we have created a unique research resource for all approved users at
the University of Chicago. We are currently performing a study on the imaging characteristics of
node positive and node negative T1 (<2cm) breast cancers.

Task 2b: We have also continued to perform quantitative analysis of the contrast enhancement
kinetics in several groups of lesions. Lesions are characterized on DCEMRI by both their
morphology and contrast media uptake and washout—or kinetic—curves. Kinetic curves have
been related to physiological and biological lesion characteristics such as microvessel density,
nuclear grade and proliferation indices. Last year we reported on some work we performed
comparing kinetic parameters of enhancement in mass vs. nonmass lesions. During this past
year our pilot study has been published (please see page 24 for manuscript in Appendix) and we
have submitted for publication our semi-quantitative analysis of kinetics in a larger database of
lesions (please see page 101 for manuscript in Appendix).

This year we have explored two issues related to standardization of breast DCEMRI
examinations. Because quantitative analysis of enhancement patterns of breast lesions is a
central theme of this proposal, we began to realize that several key components of breast
DCEMRI are not standardized across imaging platforms and institutions. This may compromise
the reliability of quantitative kinetic analysis, such as has been performed to date for this
proposal. Unlike x-ray mammography, standardization of breast DCEMRI to ensure comparable
enhancement patterns in lesions is not widespread at this time. For example, there are no
universally applied quality assurance procedures to ensure that as newer technology and systems
are implemented that malignant lesions continue to enhance similarly. This was the impetus for
our first study, where we compared quantitative kinetic characteristics of 657 breast lesions
acquired on three different MR systems. We found that in one system, malignant lesions
exhibited considerably lower signal enhancement and a different overall curve shape. We
believe this discrepancy may be due to technical issues such as k-space sampling methods or fat
suppression techniques. Regardless, this study points to the importance of developing improved
standardization procedures for breast DCEMRI acquisitions so that all women undergoing breast
MR examinations can be evaluated similarly. This study is now in press (please see page 45 for
manuscript in the Appendix).
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Our second study was motivated by the fact that despite many years of breast

DCEMRI clinical investigations, the appropriate dose of contrast media injected has not been
firmly established. In fact, contrast media continues to be employed “off-label” as the FDA has
not currently approved any contrast agent for breast MR imaging. We quantified the relationship
between dose of contrast administered and contrast kinetics in malignant lesions. Our results
suggest that reducing the dose of contrast administered to 0.05 mmol/kg (as has been suggested
for patients at risk for developing nephrogenic systemic fibrosis) could compromise the reliable
detection of DCIS. We have recently submitted this study for publication (please see page 163
for manuscript in Appendix).
Task 2c: In prior annual summaries, we have reported on the characteristics of normal
parenchymal enhancement on DCEMRI of the breast in approximately 200 women (please see
page 193 for abstract in Appendix). We are currently in the process of expanding this study to
include close to 1000 patients with normal MR images. During this past year, we have also
begun to study the imaging characteristics of normal mammary glandular tissue in mice. We
found that as in women, normal murine mammary tissue can exhibit contrast uptake, with a
‘persistent’ curve shape:
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viii

In addition, we have found that normal tissue may exhibit short T2* components, and thus
imaging at shorter TE could help improve the visualization of normal tissue in women (please
see page 184 for abstract in Appendix).

Task 2d. Our clinical research is geared towards improving the detection of DCIS by DCEMRI.
Lesions on DCEMRI are characterized by their morphology and kinetic patterns of enhancement.
In our past reports, we have demonstrated that DCIS lesions present typically as nonmass-like
enhancement, with a variable kinetic pattern. We have found that kinetic analysis is not very
effective for lesions exhibiting nonmass-like enhancement, as is typical for DCIS. This suggests
that newer acquisition and analysis techniques need to be developed to reliably identify in situ
cancers.

During the past year, we have use MR imaging of DCIS in mice to gain insights into
potential novel approaches that could be used in women. We have performed detailed
measurement of the distribution of gadolinium in murine DCIS, finding that gadolinium
penetrates inside ducts distended with DCIS and collects within the duct lumen. This work
reveals a new aspect of the physiological basis of contrast uptake of DCIS, and can be used to
improve mathematical modeling of contrast kinetics in these lesions and design improved
acquisitions. The manuscript for this study was recently submitted for publication and is
currently under revisions (please see page 73 for manuscript in Appendix).

In more recent work, we have performed MR relaxometry of early murine mammary cancer.
Specifically, we have measured the T1, T2 and T2* of DCIS and early invasive cancers in mice.
We found that murine DCIS exhibits short T2* (please see page 184 for manuscript in
Appendix). This suggests that imaging at shorter TE improved conspicuity of murine DCIS on
clinical MR images.

KEY RESEARCH ACCOMPLISHMENTS: Feb 2008-Feb 2009

e Progression of murine DCIS: We have performed a longitudinal imaging experiment
tracking the development and progression of murine DCIS in transgenic mice. To our
knowledge, this the first time the progression of murine DCIS has been measured in vivo
and direct evidence that DCIS may be a nonobligate precursor has been obtained (please
see page 127 for manuscript in Appendix).

e Physiological basis of contrast uptake of murine DCIS. We have used mouse models to
provide a new insight into the mechanism of contrast enhancement in DCIS: that Gd
enters mouse mammary ducts distended with DCIS and accumulates within the duct
lumen (please see pages 73 for manuscript in Appendix).

e Research database: We have also continued to maintain the research database, which
now contains over 3400 records with ~900 malignant lesions and ~300 benign lesions.
We have also integrated this database with a larger breast cancer database, so that




imaging findings can be integrated with detailed pathologic, molecular and genetic
information.

e Standardization of Breast MRI: We have quantified the relationship between dose of
contrast administered and contrast kinetics in malignant lesions. Our results point to the
importance of developing a standard dose for contrast enhanced breast MR imaging
(please see page 45 for manuscript inn Appendix). In another study, we found that the
kinetic curves of malignant lesions did not present consistently across MR systems. This
underscores the importance of developing improved standardization procedures to ensure
that all women receiving breast DCEMRI are imaged adequately (please see page 163 for
manuscript in Appendix).

REPORTABLE OUTCOMES: Feb 2008-Feb 2009
Manuscripts: Full versions can be found in the Appendix

1. Sanaz A. Jansen, Xiaobing Fan, Gregory S. Karczmar, Hiroyuki Abe, Robert A. Schmidt,
and Gillian M. Newstead. ”Differentiation between benign and malignant breast lesions
detected by bilateral dynamic contrast enhanced MRI: A sensitivity and specificity
study.” Magnetic Resonance in Medicine. 2008 Apr; 59(4):747-54.

2. Sanaz A. Jansen, Xiaobing Fan, Gregory S. Karczmar, Hiroyuki Abe, Robert A. Schmidt,
Maryellen Giger and Gillian M. Newstead.”DCEMRI of breast lesions: Is kinetic analysis
equally effective for both mass and non-mass-like enhancement?”” Medical Physics. 2008
July;35(7):3102-3109.

3. Sanaz A. Jansen, Suzanne Conzen, Xiaobing Fan, Thomas Krausz, Marta Zamora, Sean
Foxley, Jonathan River, Gillian Newstead and Gregory Karczmar. ”Detection of in situ
mammary cancer in a transgenic mouse model:in vitro and in vivo MRI studies
demonstrate histopathologic correlation.” Physics in Medicine and Biology. 2008 Oct 7;
53(19): 5481-93.

4. Sanaz A. Jansen, Akiko Shimacuhi, Lindsay Zak, Xiaobing Fan, Abbie M. Wood,
Gregory Karczmar and Gillian M Newstead. ”Kinetic curves of malignant lesions are not
consistent across MR systems: The need for improved standardization of DCEMRI
acquisitions of the breast” (in press, American Journal of Roentgenology)

Abstracts and Presentation: Full versions of these abstracts can be found in the Appendix.

1. Sanaz A. Jansen, Xiaobing Fan, Erica Markiewicz, Gillian Newstead and Gregory S.
Karczmar. ”Short T2* components in the normal murine mammary gland and pre-
invasive carcinoma may aid in detection of early breast cancer.” in 17th Annual Meeting
of the Society for Magnetic Resonance in Medicine, April 2009.



2. Sanaz A. Jansen, Suzanne D. Conzen, Xiaobing Fan, Erica Markiewicz, Gillian
Newstead and Gregory S. Karczmar. ”Magnetic resonance imaging reveals the
progression, regression and indolence of in situ carcinoma in transgenic mice.” in 17th
Annual Meeting of the Society for Magnetic Resonance in Medicine, April 20009.

3. Sanaz A. Jansen, Akiko Shimauchi, Lindsay Zak, Xiaobing Fan, Abbie M. Wood,
Gregory S. Karczmar and Gillian M. Newstead. ”Kinetic curves of malignant lesions are
not consistent across MR systems: The need for improved standardization of breast
DCEMRI acquisitions.” in 17th Annual Meeting of the Society for Magnetic Resonance
in Medicine, April 2009.

4. Sanaz A. Jansen, Akiko Shimauchi, Lindsay Zak, Xiaobing Fan, Gregory S. Karczmar
and Gillian M. Newstead. ”Different MR systems yield variable kinetic characteristics of
breast lesions.” in 31st Annual San Antonio Breast Cancer Symposium, December 2008.

5. Sanaz A. Jansen, Suzanne Conzen, Xiaobing Fan, Gillian M. Newstead, Erica J
Markiewicz and Gregory S. Karczmar. ”In vivo magnetic resonance imaging of the
progression of murine ductal carcinoma in situ: finding timescales and predictors of
future invasion.” in 31st Annual San Antonio Breast Cancer Symposium, December
2008.

6. Sanaz A. Jansen, Tatjana Paunesku, Xiaobing Fan, Gayle Woloschak, Stefan Vogt, Erica
J Markiewicz, Suzanne Conzen, Gillian M. Newstead and Gregory S. Karczmar. "Why
does Ductal Carcinoma in situ Enhance on Dynamic Contrast Enhanced MR Imaging of
the Breast?” in 94th Annual Meeting of the Radiologic Society of North America,
November 2008.

7. Sanaz A. Jansen, Tatjana Paunesku, Xiaobing Fan, Gayle Woloschak, Stefan VVogt, Erica
J Marikiewicz, Suzanne Conzen, Gillian M. Newstead and Gregory S. Karczmar.
”Tracking the distribution of gadolinium in early murine breast cancer with x-ray
fluorescence microscopy and dynamic contrast enhanced MRI” in Frontiers of Molecular
Imaging, Meeting of the Chicago Biomedical Consortium, October 2008.

8. Sanaz A. Jansen. "Detection and Evaluation of Early Breast Cancer via Magnetic
Resonance Imaging: Studies of Mouse Models and Clinical Implementation.” in DOD
BCRP Era of Hope Meeting, June 2008.

Informatics: The database (Task 2a) currently contains approximately 4500 records, including
~1200 histologically proven malignant lesions, ~350 histologically proven benign lesions and
over 2000 normal MR exams. For each lesion, the MR kinetic and morphologic data acquired is
recorded. Then, the subsequent final pathology of the lesion, if available, is also noted. This
database is a useful resource that has been used by several collaborators in the departments of
Radiology, Hematology/Oncology and Radiation Oncology. In addition, Philips Medical
Systems and other outside users license use of the database for testing of CAD algorithms, as
well as other product development. In the Fall of 2008 we integrated the breast MRI database
with another breast cancer database at the University of Chicago set up as a SPORE funded
project that collects pathologic, molecular and genetic information. This integrated database
allows for correlation of imaging and molecular findings of lesions, and is a unique resource
available to all approved investigators at our institution.
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Funding Applied for based on work supported by this award:
1. We are currently in the process of modifying an ROL.
2. DOD Idea award in April 2009.

CONCLUSIONS

In our third year of funding we have performed thorough analysis of 1) a serial imaging
experiment of the development and progression of DCIS, 2) the distribution of gadolinium in
murine DCIS, and 3) continued to perform detailed quantitative and qualitative analysis of the
MR features of malignant and benign lesions. The overall goal of this project is to improve the
understanding and detection of early cancer via MRI. On the clinical side, we have continued to
use our large database of lesions to compile a rich source of data regarding the enhancement
patterns in many groups of patients, lesion subtypes and different MR systems. On the animal
side, we have performed the first experiments tracking the development and progression of
murine DCIS. To link these two sides together, we have used insights from MR imaging of
murine DCIS towards improving clinical detection of DCIS in women.

So what? There are a number of potential implications of this work:

e Progression of DCIS: To our knowledge, ours is the first report using MR imaging to
probe the development and progression of early murine mammary cancer. This represents
the first steps towards probing in vivo the characteristics and mechanisms of cancer
initiation and progression. We have evaluated potential radiologic markers that could
identify aggressive DCIS. This work lays the foundation for future longitudinal studies
evaluating the efficacy of therapies at delaying progression of DCIS. In addition, this
study and extensions thereof provide detailed empirical measurements of tumorigenesis
upon which theoretical models can be developed and evaluated.

e Improving detection of DCIS: We used x-ray fluorescence microscopy to demonstrate
that MR contrast (Gd-DTPA) was present in mouse mammary ducts distended with
DCIS. This new insight can improve mathematical models used to analyze contrast
uptake and washout in DCIS, towards ultimately improving its reliable detection. We
have also performed preliminary studies suggesting that imaging with shorter echo times
could increase conspicuity of DCIS.

e Standardization of breast MRI: We found that malignant lesions imaged on different MR
systems did not exhibit comparable enhancement characteristics. This study underscores
the importance of developing standardization procedures to ensure all women obtaining
breast DCEMRI are imaged adequately. Such standardization will be critical if breast
DCEMRI is to be used widely. We also studied the relationship between dose of contrast
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administered and contrast kinetics, with results suggesting that further study is needed
to ascertain a standardized dose of Gd-DTPA for breast imaging. Such studies will be
important if contrast administration for breast imaging is to become FDA approved.

REFERENCES: The references are included in each manuscript (see Appendix).
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Magnetic Resonance in Medicine 59:747-754 (2008)

Differentiation between Benign and Malignant Breast
Lesions Detected by Bilateral Dynamic Contrast-
Enhanced MRI: A Sensitivity and Specificity Study

Sanaz A. Jansen, Xiaobing Fan, Gregory S. Karczmar, Hiroyuki Abe, Robert A. Schmidyt,

and Gillian M. Newstead”

The purpose of this study was to apply an empirical mathemat-
ical model (EMM) to kinetic data acquired under a clinical pro-
tocol to determine if the sensitivity and specificity can be im-
proved compared with qualitative BI-RADS descriptors of ki-
netics. 3D DCE-MRI data from 100 patients with 34 benign and
79 malignant lesions were selected for review under an Institu-
tional Review Board (IRB)-approved protocol. The sensitivity
and specificity of the delayed phase classification were 91%
and 18%, respectively. The EMM was able to accurately fit
these curves. There was a statistically significant difference
between benign and malignant lesions for several model pa-
rameters: the uptake rate, initial slope, signal enhancement
ratio, and curvature at the peak enhancement (at most P =
0.04). These results demonstrated that EMM analysis provided
at least the diagnostic accuracy of the kinetic classifiers de-
scribed in the BI-RADS lexicon, and offered a few key advan-
tages. It can be used to standardize data from institutions with
different dynamic protocols and can provide a more objective
classification with continuous variables so that thresholds can
be set to achieve desired sensitivity and specificity. This sug-
gests that the EMM may be useful for analysis of routine clinical
data. Magn Reson Med 59:747-754, 2008. © 2008 Wiley-Liss,
Inc.

Key words: malignant; breast; DCE-MRI; sensitivity

Improvements in breast cancer detection are largely re-
sponsible for increasing survival among breast cancer pa-
tients (1). Dynamic contrast-enhanced MRI (DCE-MRI) is
being used in breast imaging for several purposes, includ-
ing determining extent of malignant disease and posttreat-
ment evaluation (2,3). DCE-MRI has a high sensitivity to
breast cancer, with a lower specificity (4—6). When ana-
lyzing DCE-MRI the radiologist assesses both the lesion
morphology and kinetics of contrast enhancement. Some
studies have suggested that the morphologic information
from DCE-MRI is more diagnostically useful than the ki-
netic information (7,8), implying that there may be room
for improvement in extracting more diagnostically rele-
vant information from kinetic data.

Department of Radiology, University of Chicago, Chicago, lllinois.

Grant sponsor: Segal Foundation; Grant sponsor: Biological Sciences Divi-
sion at the University of Chicago; Grant sponsor: Department of Defense;
Grant number: W81XWH-06-1-0329; Grant sponsor: National Institutes of
Health (NIH); Grant numbers: R21 CA104774-01A2 and 2 RO1 CA078803-
05A2.

*Correspondence to: Gillian Newstead, MD, Department of Radiology, Uni-
versity of Chicago, 5841 S. Maryland Ave., MC 2026, Chicago, IL 60637.
E-mail: gnewstead@radiology.bsd.uchicago.edu

Received 28 February 2007; revised 29 November 2007; accepted 3 Decem-
ber 2007.

DOI 10.1002/mrm.21530

Published online in Wiley InterScience (www.interscience.wiley.com).

© 2008 Wiley-Liss, Inc.

Ideally, DCE-MRI protocols would acquire data with
high spatial and high temporal resolution to fully exploit
both the morphologic and kinetic information. Unfortu-
nately, with currently available equipment and techniques
there is always a trade-off between spatial and temporal
resolution in DCE-MRI (7). As a result, the signal intensity
versus time—or kinetic—curves typically have only 3-7
data points (9-11) for 3D DCE-MRI, which presents a
challenge for differentiating benign from malignant le-
sions. To simplify analysis of the kinetic curves, radiolo-
gists qualitatively assess the initial rise and delayed phase
according to the BI-RADS lexicon. Several reports have
demonstrated that DCE-MRI data from malignant lesions
tend to exhibit “washout” curves, while benign lesions
tend to show persistent signal increase with time after
contrast injection (12,13). Some groups have performed
semiquantitative analysis of these curves—for example,
calculating the time to peak enhancement—to better dis-
tinguish between the benign and malignant lesions (10).
However, semiquantitative parameters have limited use
since they are susceptible to errors due to noise, and with
varying timing of acquisitions across institutions compar-
ison of these parameters between institutions is problem-
atic.

There have been several studies of pharmacokinetic
compartment modeling on breast 3D DCE-MRI data, to
relate kinetic curves to the underlying physiology of the
lesions (14—18). However, for low time resolution 3D DCE-
MRI data the accuracy of physiological parameters ob-
tained from compartmental models is questionable. In ad-
dition, these models require an arterial input function
(AIF), which is difficult to estimate accurately. As an al-
ternative to these approaches, mathematical equations can
be used to fit the kinetic curves. For example, Heiberg et al.
(19) used a fifth-order polynomial to fit the kinetic curves
(5—7 points), but the coefficients of the polynomial did not
show a significant difference between benign and malig-
nant breast lesions. Recently, a five-parameter empirical
mathematical model (EMM) was developed to describe
contrast uptake and washout behavior (20), and this model
successfully distinguishes between benign and malignant
lesions. Unfortunately, the EMM was performed with spe-
cial protocols that allow acquisition of data with high
temporal resolution, but are not clinically feasible (15,20).
The limited temporal resolution in conventional 3D bilat-
eral DCE-MRI implies that complicated mathematical
models cannot be directly applied to kinetic curves to
obtain a unique solution.

In this study a modified EMM with only three parame-
ters was used to analyze 3D bilateral DCE-MRI breast data
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that was acquired according to clinical protocols, with
sparse time resolution of 68 sec. Primary model parame-
ters were determined by fitting the curves to the modified
EMM. Secondary diagnostic parameters, such as initial
area under curve (AUGC;3q) (21,22), initial slope of enhance-
ment (Slope;,;) (10,21,23), the time to peak enhancement
(Tpear) (10), signal enhancement ratio (SER) (11), and en-
hancement curvature at peak (kpea) (24) were derived
mathematically from the primary parameters after fitting
the kinetic curves. The sensitivity and specificity to ma-
lignant lesions using these parameters was also evaluated
by using receiver operating characteristic (ROC) analysis
and was compared to the kinetic curve classification ac-
cording to the BI-RADS lexicon. In addition to comparing
benign versus malignant lesions, the kinetic characteris-
tics of subtypes of benign and malignant lesions were also
studied.

MATERIALS AND METHODS
Patients

Diagnostic MR imaging is performed at this institution
routinely for several clinical purposes: diagnostic imaging,
evaluating extent of known disease, posttreatment, and
surgical evaluation and as a screening tool in high-risk
women. Bilateral 3D DCE-MRI data from 100 female pa-
tients was acquired consecutively between May 2002 and
June 2003 and reviewed for study under an Institutional
Review Board (IRB)-approved protocol, with informed
consent waived and under full HIPAA compliance. The
age range of the subjects was 24 to 81 years (mean age =
56.2 = 13.3 years). Based on the consensus opinion of two
experienced pathologists, there were 34 benign and 79
malignant lesions used in this study.

MR Imaging

MR imaging was performed on a 1.5T GE Signa scanner
(GE Healthcare, Milwaukee, WI) using a dedicated 4-chan-
nel breast coil (Invivo, Orlando, FL) with the patient in the
prone position. One pre- and five postcontrast images were
acquired in the coronal plane using a 3D T;-weighted
spoiled grass sequence (TR/TE = 7.7/4.2 ms, flip angle =
30°, slice thickness = 3 mm, and in-plane resolution =
1.4 mm) without fat saturation. The first postcontrast ac-
quisition was started 20 sec after contrast injection and the
remaining images were acquired every 68 sec. Gadodia-
mide (Omniscan; Nycomed-Amersham, Princeton, NJ) was
injected intravenously at a dose of 0.1 mmol/kg followed
by a 20-mL saline flush at the rate of 2.0 mL/sec.

All kinetic analysis was performed by experienced radi-
ologists using coronal and reconstructed axial and sagittal
views to assess the lesion. To generate the kinetic curve
the radiologist traced a small region of interest (ROI)
around what was perceived to be the most enhancing part
of the lesion on the first postcontrast image. The average
ROI size was 7.1 pixels; thus, the selected ROIs were small
and contained the most enhancing contiguous pixels in
the lesion as perceived by the radiologist. The plot of
signal intensity versus time for this ROI was assessed by
the radiologist according to the BI-RADS lexicon, which
describes the “initial rise” and “delayed phase” of the
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kinetic curve. The “initial rise” is classified as rapid, me-
dium, or slow. The “delayed phase” refers to the portion of
the kinetic curve after 2 min and is classified as persistent
(the signal intensity continues rise), plateau (the signal
intensity levels off), and washout (the signal intensity de-
creases).

Modified EMM

The kinetic curve obtained above was analyzed quantita-
tively using the modified EMM (24). First, the average
DCE-MRI signal intensity as a function of time (S(#)) in the
selected ROI was calculated. Next, signal changes after
contrast injection were calculated as: AS = (S, - Sy)/S,
where S, is the average signal intensity within the ROI in
the precontrast scan and S, is the signal intensity within
the ROI at the n' postcontrast timepoint. The following
modified EMM was used to describe the lesion contrast
uptake and washout and to fit the data:

AS(HH=A-(1—e ) -e P, [1]

where A is the upper limit of the signal intensity, « (min~1)
is the rate of signal increase, B(min~') is the rate of the
signal decrease during washout. The goodness of fit pa-
rameter R? was calculated for each lesion. The signal in-
tensity modeled here is dependent on the noncontrast T;
of the lesions. This is consistent with routine clinical
practice, since radiologists typically evaluate changes in
signal intensity following contrast injection. Variations in
the native tissue T, values will affect the measured signal
intensity; however, since T; values of benign and malig-
nant lesions show considerable overlap (25-28), the re-
sults here may not be strongly affected.

Derived Diagnostic Parameters

Semiquantitative diagnostic parameters used commonly
in the literature were easily derived from the modified
EMM parameters. After some simple mathematical manip-
ulations, we obtained the following derivations for diag-
nostic parameters: (a) Initial area under curve (AUC,): The
AUG, can be calculated by integration of the kinetic curve,
ie.

AUC,=A-[1—e ™)/ + (e —1)/(a +B)], [2]

where 7 is the time over which signal intensity was inte-
grated. In this study we used 7 = 30 sec. (b) Initial slope of
enhancement (Slope;i,;): The initial slope of the kinetic
curve can be calculated by taking the derivative of Eq. [1]
at an initial time t < 1:

Slope,,; = Aa. [3]

Thus, the initial slope is the product of the uptake rate «
and the amplitude of enhancement A. (c) Time to peak of
enhancement (Tpe): The time at which the kinetic curve
reached peak can be solved by setting the derivative of Eq.
[1] equal to zero:
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1
Tpoak = o log(l + %) [4]

Please notice that when g = 0 the curves did not reach the
peak within the duration of the experiment. In these cases,
we used the last point as the peak intensity. (d) Signal
enhancement ratio (SER): The signal intensity change at
the first timepoint (AS;) relative to the last time point (AS;)
was used to calculate the SER using the following formula:

AS, 1—e™™

= = . pltL—t)p
SER AS, "1 e ,

(5]

_ efrxtl,

where t; = 60 sec and t;, = 300 sec used in this study. A
SER value greater than 1.1 indicates the signal intensity
decreases with respect to its value at 60 sec; SER less than
0.9 indicates that signal intensity continues to rise; and
SER between 0.9 and 1.1 represents a plateau relative to
intensity at 60 sec. (e) Enhancement curvature at peak
(kpear): The curvature at the peak of enhancement was
calculated from the definition of curvature formula at time
of Tpeax:

—Aap. [6]

K peak =

Data Analysis and Statistical Evaluation

For the qualitative evaluation according to the BI-RADS
lexicon, distributions of initial rise and delayed phase
were determined for benign and malignant lesions. To
compare these distributions the chi-square (x2) test was
used, with P < 0.05 indicating statistical significance.
The 3D bilateral DCE-MRI data were processed using
software written in IDL (Research Systems, Boulder, CO).
The average values of the diagnostic parameters were cal-
culated separately for benign and malignant lesions. In
addition, the benign and malignant lesions were further
divided into pathologic subtypes. For malignant lesions
these subtypes were: invasive ductal carcinoma (IDC),
ductal carcinoma in situ (DCIS), invasive lobular carci-
noma (ILC), and “other.” For benign lesions these subtypes
were: fibrocystic change (FCC), fibroadenoma, papilloma,
and “other.” Two-tailed unequal variance Student’s #-tests
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were performed to evaluate which parameters showed sig-
nificant differences between the benign and malignant
breast lesions, with P < 0.05 indicating statistical signifi-
cance.

In order to determine whether modified EMM parame-
ters varied within pathologic subtypes of benign and ma-
lignant lesions (for example, if the parameter o varied
significantly among DCIS, ILC, and IDC lesions) ANOVA
calculations were used, with P < 0.05 indicating statistical
significance. The ANOVA analysis was performed on the
three classified subtypes of malignant lesions (DCIS, ILC,
and IDC) and the three classified subtypes of benign le-
sions (fibroadenoma, papilloma, and FCC). We also per-
formed a multivariate analysis using a stepwise logistic
regression algorithm in Matlab (MathWorks, Natick, MA)
in order to determine whether a combination of primary
and derived EMM parameters could better separate benign
from malignant lesions. We used backwise regression (that
is, the initial model included all parameters) and the min-
imum P value for removal of 0.1. Receiver operating char-
acteristic (ROC) analysis was performed to compare the
diagnostic capability of the parameters derived from the
modified EMM with the diagnostic performance of the
qualitative BI-RADS categories of initial rise and delayed
phase. ROCKIT software (ROCKIT 0.9B Beta Version,
Charles E. Metz, University of Chicago (29)) was used to
generate the ROC curves and perform statistical compari-
sons between them via the bivariate and area test.

RESULTS
BI-RADS Classification

The distribution of initial uptake and delayed phase for all
lesions as well as the breakdown of benign and malignant
lesions into pathology subtypes is shown in Table 1. Ma-
lignant and benign lesions did not have statistically sig-
nificantly different distributions of initial rise, but differed
in delayed phase distribution with 65% and 38% showing
washout curves, respectively (P = 0.03). Similarly, DCIS
and IDC lesions were significantly different in delayed
phase, with 50% and 78% showing washout, respectively
(P = 0.04). Considering “washout” and “plateau” to be
indicative of malignancy (10,13) the sensitivity and spec-

Distributions of BI-RADS Categories for the Qualitative Assessment of the Initial Rise and Delayed Phased of Kinetic Curves for Benign

and Malignant Lesions

Type of No. Cases Initial Delayed

lesions Rapid Medium Slow Washout Plateau Persistent
All benign 34 25 (74%) 8 (24%) 1(3%) 13 (38%) 15 (44%) 6 (18%)
FCC 16 1 4 1 3 11 2
Fibroadenoma 4 2 2 0 2 1 1
Papilloma 7 6 1 0 4 2 1
Others 7 6 1 0 4 1 2
All malignant 79 70 (89%) 7 9%) 2 3%) 51 (65%) 21 27%) 7 (9%)
DCIS 30 26 3 1 15 10 5
IDC 36 33 3 0 28 7 1
ILC 7 6 0 1 4 2 1
Others 6 5 1 0 4 2 0

Numbers in parentheses are percentages.
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ificity were 91% (95% confidence interval [CI] 83-96%)
and 18% (95% CI 7-35%), respectively. For initial phase
criteria, considering “rapid” to be indicative of malig-
nancy, the sensitivity and specificity were 89% (95% CI
79-95%) and 26% (95% CI 13—44%), respectively. In
most prior studies of the kinetics of benign and malignant
lesions, only IDC lesions were considered (10,13). When
considering only the IDC lesions the sensitivity of “wash-
out” and “plateau” as described in the BI-RADS lexicon
improved to 97% (95% CI 85—100%), and the sensitivity of
“rapid” improved to 92% (95% CI 78-98%).

Modified EMM Parameters

The modified EMM was able to accurately fit the curves,
with a goodness of fit parameter R? greater than 0.90 for all
cases studied here. Some typical examples of the modified
EMM fits are shown in Fig. 1 for various benign (top row:
FCC, fibroadenoma, and papilloma) and malignant lesions
(bottom row: DCIS, IDC, and ILC). The distribution of the
primary parameters for all the subcategories of benign and
malignant lesions is shown in Fig. 2. Upon visual inspec-
tion substantial overlap between benign and malignant
lesions was evident for the EMM parameters. After fitting
all the kinetic curves the five derived diagnostic parame-
ters were calculated using Egs. [2—6].
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The average values of all primary and derived parame-
ters were calculated and are summarized in Table 2. From
calculated averaged parameters it can be seen that malig-
nant lesions had significantly faster contrast uptake (o),
steeper initial slope (Slope;,;), larger enhancement ratio
(SER), and sharper curvature (kpe.) than benign lesions.
Two-tailed unequal variance t-test showed that there was a
statistically significant difference between benign and ma-
lignant lesions for the parameters of contrast uptake rate a
(P < 0.03), initial slope Slope;,; (P < 0.04), signal enhance-
ment ratio SER (P < 0.0007), and the curvature at the peak
Kpeak (P < 0.02). To evaluate diagnostic performance ROC
curves were generated for all parameters, with calculated
A, values shown in Fig. 3. The parameter A had the small-
est area under the ROC curve (A,), while SER had the
largest. The ROC curves for the two parameters (Fig. 4)
with the largest A, values, a (blue line with solid square)
and SER (red line with solid circle), are statistically equiv-
alent under the bivariate and area test. From these ROC
curves we can see that at a sensitivity of ~90% the spec-
ificity was ~20-30%, which was within the CI of the
specificity achieved with the BI-RADS delayed phase and
initial rise descriptors.

It is interesting to study further the kinetic properties of
the subtypes of benign and malignant lesions. The calcu-

FIG. 1. Examples of MRI signal enhancement versus time curves (open circles) are shown for a variety of lesion types and fitted with the
modified EMM (solid lines). The top row consists of benign lesions, from left to right: fibrocystic change (FCC), fibroadenoma, and
papilloma. The bottom row consists of malignant lesions, from left to right: ductal carcinoma in situ (DCIS), invasive ductal carcinoma (IDC),

and invasive lobular carcinoma (ILC).
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FIG. 2. The distributions of the primary EMM parameters are shown
according to lesion type. From top to bottom the primary EMM
parameters are the amplitude A, the uptake rate «, and the washout
rate B. The open circles display the values of the primary EMM
parameter for every case in that subtype of benign lesion, and X
marks the average value: fibrocystic change (FCC, n = 16), fibro-
adenoma (n = 4), papilloma (n = 7), and other benign (n = 7).
Similarly, the open triangles represent the values of each primary
EMM parameter for every case in that subtype of malignant lesion,
and X marks the average value: ductal carcinoma in situ (DCIS, n =
30), invasive ductal carcinoma (IDC, n = 36), invasive lobular car-
cinoma (ILC, n = 7), and other malignant (n = 6).
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FIG. 3. The bar graph of the area under the ROC curve (A;) is shown
for each EMM primary and derived parameter. The area under an
ROC curve (A,) gives a measure of how well the diagnostic param-
eter performs; the larger the area under the curve, the better the
performance. The A, values (and corresponding standard error)
were determined from the fitted binormal ROC curves generated by
the ROCKIT software. The standard errors are almost the same for
all the cases.

lated average values showed that the primary as well as
diagnostic parameters for FCC were very similar to DCIS,
which contributed to the majority of the overlap between
the benign and malignant lesions. Performing f-test com-
parisons between these groups (DCIS vs. FCC) yields no
statistically significant difference (P > 0.06 for all param-
eters). On the other hand, the contrast uptake and washout
rates for IDC were much faster than benign lesions. As a
result, IDC lesions had the largest AUC3q, deepest Slope;y,
highest SER, and sharpest kyeak. In addition, for all primary
and derived parameters there was a statistically significant
difference (at least P < 0.02) between IDC and DCIS le-

Table 2
Primary and Secondary Diagnostic Parameters Derived from the EMM in Malignant and Benign Lesions
o Choss A (min-) (mﬁ’w) AUCq ?rlr?i?f"g" (Tr-rﬁ’ieﬁﬁ‘ Kpeak SER

All benign 34 42 +2.2 1.6 =11 0.045 = 0.047 0.55 + 0.35 6.1 = 4.6 3.4+18 —0.30 = 0.49 0.88 + 0.30
FCC 16 39+1.8 1.3+1.0 0.039 = 0.046 0.48 = 0.39 53=*55 40*+16 —0.23 = 0.56 0.78 = 0.28
Fibroadenoma 4 6.5+ 2.6 0.69 + 0.22 0.050 = 0.066 0.48 = 0.25 4.4 +24 42 +14 —-0.22 + 0.25 0.65 + 0.19
Papilloma 7 3.6 1.9 25*+1.1 0.050 = 0.022 0.62 = 0.28 75+ 3.6 2.0=*x1.2 —-0.33 £ 0.14 1.08 = 0.7
Others 7 43 +28 20=*+1.1 0.050 = 0.063 0.66 + 0.36 74 +44 3.2 +20 —0.45 + 0.64 1.04 = 0.30
All malignant 79 40 x22 2111 0.058 = 0.061 0.71 = 0.54 8.7 = 8.3 28 1.9 —0.67 = 1.18 1.14 = 0.48
DCIS 30 28 +1.9 1.8+09 0.037 = 0.058 0.40 = 0.23 43+26 3.6 +2.0 —0.18 = 0.31 0.96 + 0.35
IDC 36 49 2.0 26 *+1.3 0.072 = 0.062 1.01 = 0.62 13.1 = 10.2 20x15 -1.12 £ 1.57 1.31 = 0.55
ILC 7 3.1 +21 1.5+04 0.054 = 0.062 0.44 + 0.26 4.6 +2.7 3.2 +20 —0.35 + 0.40 1.04 = 0.30
Others 6 56 1.4 1.6 =09 0.087 = 0.046 0.78 = 0.38 8547 23*x1.0 —-0.82 = 0.89 1.14 = 0.57

Reported values are mean * standard deviation for all cases. Numbers in bold indicate that there was a statistically significant difference

between benign and malignant lesions.

“For those curves which did not reach a peak within the duration of the experiment, we assumed a time to peak of 5 min.
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FIG. 4. Fitted binormal ROC curves generated by the ROCKIT soft-
ware are shown for selected parameters « (blue line with solid
squares) and SER (red line with solid circles). The A, values were
improved by comparing benign lesions with IDC lesions only, as
shown by the ROC curves for a (blue line with open squares) and
SER (red line with open circles).

sions. This suggests that the diagnostic accuracy of the
modified EMM parameters may be improved if we con-
sider only IDC lesions. To explore this, Fig. 4 also shows
ROC curves (lines with open symbols) for a and SER when
testing benign versus IDC lesions only. As shown in the
figure, these ROC curves demonstrate considerable im-
provement in the A, values compared to their benign ver-
sus all malignant lesions counterparts. At a sensitivity of
~95% the specificity was ~10-30%, which was within
the CI achieved with the BI-RADS classifications.

To test whether a combination of parameters could im-
prove the sensitivity and specificity, multivariate analysis
was performed. However, the recommended model se-
lected by backward stepwise regression included only the
parameter SER. Based on these results it would seem that
combinations of the EMM primary and derived parameters
will not improve sensitivity and specificity.

Finally, ANOVA analysis was used to study the varia-
tion of the primary and derived parameters within benign
and malignant subcategories. Three parameters (o, Tpeaks
SER) varied significantly by subtype for benign lesions
(P < 0.03 for all), whereas all but one (A, o, Tpeax, AUCs0,
Slopeini, Kpeak» SER) varied significantly for malignant sub-
types (P < 0.007 for all).

DISCUSSION

In this study we found that 68% of malignant curves
exhibited “washout,” which is similar to prior reports;
however, 38% of benign curves also showed “washout,”
which is higher than many reports (13). This may be be-
cause the benign lesions considered in this study were
histologically proven benign—in other words, these le-
sions were suspicious enough to warrant biopsy. Since
most obviously benign lesions have “persistent” type
curves and would not be sent to biopsy, this may skew the

Jansen et al.

delayed phase distribution in this study away from the
“persistent” curve type. Szabo et al (10) considered only
histologically proven benign lesions, and found that 24%
of benign lesions showed “washout” type curves, a value
closer to the one presented here. Because of the large
number of benign lesions with “plateau” and “washout”
type curves in this study, using these descriptors from the
BI-RADS kinetic classification provided high sensitivity
and low specificity in diagnosing malignant lesions.

The results demonstrated that the modified EMM fit the
3D DCE-MRI data very well for all cases. All the secondary
diagnostic parameters could be easily calculated from the
EMM parameters. Thus, we were able to calculate param-
eters, such as AUC;o and kpeak, which could not be calcu-
lated directly from kinetic data comprised of only 6 points.
The sensitivity and specificity of the BI-RADS delayed
phase and initial rise classifications were 89-91% and
18-26%, respectively. Using the primary model parameter
a or the derived parameter SER, at ~90% sensitivity the
specificity was ~20-30%, which was not statistically dif-
ferent from the corresponding BI-RADS results. However,
unlike the BI-RADS classification the EMM can be used to
achieve a continuous spectrum of sensitivity and specific-
ity. For example, at a sensitivity of ~80% the specificity
was ~40%.

The diagnostic accuracy of the model parameters may be
compromised by the relatively large number of DCIS and
ILC lesions in this study, which showed significant over-
lap with benign lesions. Indeed, most other studies usually
focus only on IDC lesions (10). We found that when con-
sidering benign versus IDC lesions only, the plateau and
washout descriptors from the BI-RADS lexicon had sensi-
tivity and specificity of 97% and 18%, respectively. Sim-
ilarly, the rapid descriptor from the BI-RADS lexicon had
sensitivity and specificity of 92% and 26%, respectively.
The corresponding values for a and SER were comparable
to the BI-RADS results. However, at a reasonable sensitiv-
ity of ~80% the specificity of the model parameters im-
proved greatly to ~60%. The multivariate analysis did not
yield a combination of parameters that improved results
compared with individual parameters. This may be due to
several factors; we have considered a small number of
lesions and some parameters may depend on each other
mathematically, which in turn may reflect a biological
dependence. Further investigation of the relationship that
EMM parameters have with each other and with the un-
derlying biology of breast lesions is needed.

We have studied several subtypes of benign and malig-
nant lesions, each having unique underlying biology. Fi-
broadenomas involve a proliferation of both epithelial and
mesenchymal cells, and often present as encapsulated,
well-circumscribed masses. Papillomas, on the other
hand, grow confined in mammary milk ducts. FCC refers
to a variety of benign mammary alterations, which are
thought of as exaggerated physiological phenomena rather
than diseases. These include proliferative lesions, such as
intraductal hyperplasia, as well as fibrocystic disease.
Moving to the malignant subtypes of cancer, ILCs involve
cancer cells of lobular origin, which have invaded the
surrounding stroma in a diffusely infiltrating fashion.
IDCs, on the other hand, are cancer cells of ductal origin,
which have well-defined but infiltrative margins. DCIS



Benign Malignant Breast Lesions DCE-MRI

lesions are also cancer cells of ductal origin that are still
confined to the mammary ducts.

The significant overlap of DCIS lesions with benign le-
sions may be related to similarities in the underlying bi-
ology and vasculature (30,31). Because DCIS is the earliest
form of malignant breast disease, improving the detection
of DCIS is important, and further investigation into the
presentation of DCIS would be interesting (32). The
ANOVA results in this study indicate that most of the
modified EMM parameters varied significantly across the
subtypes of DCIS, ILC, and IDC. Uptake and the sharpness
and magnitude of washout tended to increase from DCIS to
ILC to IDC. DCIS and IDC lesions showed the most differ-
ence in all parameters, with DCIS lesions having on aver-
age a much longer time to peak enhancement (3.6 min)
compared with IDC lesions (2.0 min). On the other hand,
only three parameters (SER, Tpeux, o) showed significant
variations among benign lesions; fibroadenomas exhibited
a smaller uptake rate and much longer time to peak en-
hancement than papillomas.

The modified EMM does not make assumptions about
the underlying physiology of the lesion. Some assump-
tions required by two-compartment or multicompartment
models (15) can lead to fitting errors and subsequent diag-
nostic errors. On the other hand, this lack of direct corre-
spondence to identifiable physiologic or anatomic features
is also the main disadvantage of the modified EMM ap-
proach. This problem can be addressed by deriving equa-
tions that connect parameters of the modified EMM to
physiologic and anatomic parameters associated with var-
ious models (i.e., two or more compartment models). The
parameters A, o, and B in the modified EMM can be di-
rectly compared with two-compartment models described
in egs. [13—-16] of Armitage et al. (15). For example, to
compare the EMM with the Tofts model described in eq.
[13] of Armitage et al., it can be seen that the A = Dv,K rans/
Vp(Ktans — ki), B = koup, and o + B = K'"ans/y,, where D
is the dose of administered contrast agent, v, is the ex-
travascular extracellular space volume fraction, Ks is
the transfer constant, V, is the volume of the plasma, and
kou is the rate constant for contrast media elimination.
With such relationships the empirical model can be re-
lated to a physiologically motivated model.

There are other limitations to this study:

® Sparse sampling may result in fitting errors. In partic-
ular, prior work has suggested that high temporal
resolution was required to sample the kinetic curve
uptake and transition part of uptake and washout
accurately (24).

® Preclinical studies suggest that specificity is improved
when the tail of the washout curve is sampled for at
least 15 min; the curves studied here are truncated at
about 6 min (20).

® Using signal intensity rather than contrast concentra-
tion may result in errors due to variability of the
native T, of the tissue. However, in the present appli-
cation of the EMM we used signal intensity rather
than contrast concentration to follow conventional
clinical practice and to minimize noise amplification.

® The present model does not account for variations in
the arterial input function (AIF) and this omission can
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introduce variability and systematic error. The EMM
is designed to analyze and accurately fit the signal
intensity curves or contrast concentration versus time
curves, and these are a function of the AIF and the
tissue response to the AIF. The effect of AIF can be
removed by deconvoluting it from the contrast con-
centration curves, so that an impulse response func-
tion can be obtained. Future work will focus on de-
riving deconvolution algorithms and developing
mathematical models for the impulse response func-
tion.

® To characterize the kinetics of the lesion only a small
ROI was used, which results in lower SNR. In addi-
tion, one small ROI may not be a reliable representa-
tion of the entire lesion, especially for heteroge-
neously enhancing lesions. Although the ROI was
placed on the most rapidly enhancing area of the
lesion, as is clinical practice, there is no guarantee this
is the region of most diagnostic utility. Also, the ROI
was chosen manually, resulting in variations in size
and placement.

® Although the total number of lesions studied was
relatively large, when considering subtypes of benign
and malignant lesions (such as fibroadenoma or ILC)
only a few cases were found, raising the issue of
statistical validity. In particular, the numbers of le-
sions may be too small to perform reliable compari-
sons of the subtypes of benign and malignant lesions
presented here.

® Recent parallel imaging techniques render the data we
have used here slightly outdated, and the EMM will
need to be tested with these new methods. We expect
that the EMM will succeed with newer data, since the
temporal resolution is comparable to that used in the
studies described here. However, with the improved
spatial resolution of parallel imaging, the ROI selec-
tion could likely be refined.

Despite the shortcomings summarized above, these re-
sults show that in our patient group, analysis of conven-
tional 3D DCE-MRI data with the EMM provides at least
the diagnostic accuracy of qualitative kinetic parameters
described in the BI-RADS lexicon, and offers a few key
advantages. It can be used to standardize kinetic data
between institutions—currently, when radiologists are
presented with an outside MRI for evaluation there is no
way to relate the kinetic findings of the outside case to
experience at the home institution. For example, if MR
images at the outside institution are acquired every 90 sec,
and at the home institution the dynamic protocol acquires
images every 60 sec, the EMM can be used to present the
outside kinetic data with 60-sec time resolution. The EMM
can be automated and can provide a more objective clas-
sification. The EMM provides continuous variables so that
thresholds can be set to achieve desired sensitivity and
specificity. It also offers an opportunity to relate semiquan-
titative parameters (such as SER) to more fundamental
EMM parameters. More important, this model allows for
more flexibility in improving sensitivity and specificity in
the future by correcting for AIFs. This model may become
valuable as new protocols are being implemented at higher
field strength and become more available. With the devel-
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opment of parallel imaging techniques it is now possible to
acquire images with relatively high spatial resolution
while still acquiring 6 or 7 kinetic data points. Thus,
optimizing the diagnostic utility of kinetic data will be
more and more important, and these preliminary results
have demonstrated that the EMM may be useful for anal-
ysis of routine clinical data.
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DCEMRI of breast lesions: Is kinetic analysis equally effective for both

mass and nonmass-like enhancement?
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To perform a pilot study investigating whether the sensitivity and specificity of kinetic parameters
can be improved by considering mass and nonmass breast lesions separately. The contrast media
uptake and washout kinetics in benign and malignant breast lesions were analyzed using an em-
pirical mathematical model (EMM), and model parameters were compared in lesions with mass-
like and nonmass-like enhancement characteristics. 34 benign and 78 malignant breast lesions were
selected for review. Dynamic MR protocol: 1 pre and 5 postcontrast images acquired in the coronal
plane using a 3D T1-weighted SPGR with 68 s timing resolution. An experienced radiologist
classified the type of enhancement as mass, honmass, or focus, according to the BI-RADS® lexi-
con. The kinetic curve obtained from a radiologist-drawn region within the lesion was analyzed
quantitatively using a three parameter EMM. Several kinetic parameters were then derived from the
EMM parameters: the initial slope (Slope;), curvature at the peak (kpeac), time to peak (Tpea),
initial area under the curve at 30 s (iIAUCyp), and the signal enhancement ratio (SER). The BI-
RADS classification of the lesions yielded: 70 mass lesions, 38 nonmass, 4 focus. For mass lesions,
the contrast uptake rate (a), contrast washout rate (B), iIAUCyy, SER, Slopejni, Tpeax and Kpeak
differed substantially between benign and malignant lesions, and after correcting for multiple tests
of significance SER and T, demonstrated significance (p<<0.007). For nonmass lesions, we did
not find statistically significant differences in any of the parameters for benign vs. malignant lesions
(p>0.5). Kinetic parameters could distinguish benign and malignant mass lesions effectively, but
were not quite as useful in discriminating benign from malignant nonmass lesions. If the results of
this pilot study are validated in a larger trial, we expect that to maximize diagnostic utility, it will
be better to classify lesion morphology as mass or nonmass-like enhancement prior to kinetic

analysis. © 2008 American Association of Physicists in Medicine. [DOI: 10.1118/1.2936220]

Key words: nonmass lesions, malignant, DCEMRI, sensitivity, specificity

[. INTRODUCTION

Dynamic contrast enhanced magnetic resonance imaging
(DCEMRI) is being used in breast imaging for several pur-
poses, including determining extent of malignant disease and
post-treatment evaluation."* When analyzing lesion presen-
tation on breast DCEMRI, the radiologists assesses the mor-
phology as well as the contrast media uptake and
washout—or kinetics—of the lesion following the breast im-
aging reporting and data system (BI-RADS®) lexicon.

According to the BI-RADS® lexicon, the first step in as-
sessing lesion morphology is to classify the type of enhance-
ment as mass, nonmass, focus (Fig. 1). Then, subsequent
descriptors of other lesion features (such as shape, distribu-
tion, margins, enhancement pattern) are selected, which dif-
fer depending on the type of enhancement. The BI-RADS®
lexicon also classifies the initial rise of the kinetic curve, and
the delayed phase as persistent, plateau, or washout.

The level of suspicion for malignancy is determined by
assessing both the morphologic as well as the kinetic char-
acteristics of the lesion. Invasive cancers often present as
heterogeneously enhancing masses with irregular or spicu-
lated margins, and kinetic curves that typically rise rapidly
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and subsequently wash out over time. Benign lesions, on the
other hand, often present as homogeneously enhancing
masses with smooth margins and tend to enhance more
slowly and persistently take up contrast over time.* To move
beyond the qualitative BI-RADS® description of kinetics,
many prior studies have calculated quantitative parameters
from the kinetic curve data. Chen et al. used automated and
fuzzy c-means clustering to extract the most enhancing vox-
els within a lesion and then calculated empirical parameters,
such as maximum enhancement percentage, time to peak en-
hancement, uptake rate, and washout rate.* Others have ap-
plied mathematical models to DCEMRI kinetic data, such as
the two-compartment model, to extract diagnostically useful
parameters.S"lo Early work by Hayton and Brady combined
both breast segmentation and registration with pharmacoki-
netic modeling to produce color kinetic parameter maps that
were shown to be useful for cancerous lesion localization
and characterization."* However, for low time resolution 3D
DCEMRI data, the accuracy of physiological parameters ob-
tained from compartmental models is questionable. In addi-
tion these models require an arterial input function (AIF),

© 2008 Am. Assoc. Phys. Med. 3102
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which is difficult to estimate accurately. As an alternative to
these approaches, mathematical equations can be used to fit
the kinetic curves.’?

The majority of preinvasive ductal carcinoma in situ
(DCIS) lesions and some invasive cancers present as
nonmass-like enhancement in a segmental distribution with a
clumped enhancement pattern.”*’ Benign lesions, such as
atypical ductal hyperplasia, can also present with nonmass-
like enhancement, as can normal parenchyma. DCIS is con-
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Fic. 1. Examples of four breast lesions with measured
and EMM fitted Kinetic curves. For each kinetic curve,
the measured signal intensity values are indicated with
triangles, and the fitted EMM curve with solid lines.
From the top to bottom: Benign mass lesion, malignant
mass lesion, benign nonmass lesion, and malignant
nonmass lesion. The lesions are indicated by a white
arrow.

sidered to be a nonobligate precursor of invasive cancer, and
if treated has dramatically higher survival than invasive
cancers.®®!® Yet the sensitivity and specificity of DCEMRI
for detection of DCIS needs improvement,®>**2>27 particu-
larly given recent American Cancer Society guidelines rec-
ommending breast MRI in the screening of women at high
risk of developing breast cancer.?® It is likely that mass-like
and nonmass-like enhancement patterns reflect differences in
the underlying physiology and vasculature of these lesions,
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which may in turn affect the kinetic characteristics. The ki-
netic parameters that can distinguish benign and malignant
mass lesions may not work well with nonmass lesions, and
vice versa. However, while there have been several studies
on nonmass lesions such as DCIS, the efficacy of kinetic
analysis in mass-like vs. nonmass-like enhancement has not
been well characterized.?

We have performed a pilot study to investigate whether
kinetic analysis is more diagnostically useful in mass lesions
compared with nonmass lesions. In addition to using conven-
tional BI-RADS® descriptors of Kkinetics, we have also ap-
plied a mathematical model to the kinetic data. The limited
temporal resolution in conventional 3D bilateral DCEMRI
implies that complex mathematical models cannot be directly
applied to kinetic curves to obtain a unique solution. In this
study, a three parameter empirical mathematical model
(EMM) was used to analyze 3D bilateral DCEMRI breast
data. Thus, using both qualitative and quantitative means, we
evaluated kinetic patterns of enhancement separately in (i)
benign vs. malignant mass lesions, and (ii) benign vs. malig-
nant nonmass lesions.

II. METHODS
IILA. Patients

At our institution, it is a routine protocol to obtain breast
MR imaging for evaluation of extent of malignant disease,
for post-treatment evaluation of the cancer patient, and for
high-risk screening. The institutional review board approved
our HIPAA compliant retrospective study with waiver of in-
formed consent. Bilateral 3D DCEMRI data from 100 female
patients acquired between May 2002 and June 2003 were
reviewed for study. The age range of the subjects was 24-81
years (mean age=56.2+ 13.3 years). Based on the consen-
sus opinion of two experienced pathologists, there were a
total of 112 lesions of which 35 were benign and 77 malig-
nant.

II.B. MRI analysis

MR imaging was performed on a 1.5 T GE Signa scanner
(GE Healthcare, Milwaukee, WI) using a dedicated four-
channel breast coil (Invivo, Orlando, FL) with the patient in
the prone position. One pre and five postcontrast images
were acquired in the coronal plane using a 3D T,-weighted
spoiled grass sequence (TR/TE=7.7/4.2 ms, flip angle
=30°, slice thickness=3 mm, and in plane resolution
=1.4 mm), without fat suppression. The first postcontrast ac-
quisition was started 20 s after contrast injection and the
remaining images were acquired every 68 s; 20 ml of 0.5 M
Gadodiamide (Omniscan; Nycomed-Amersham, Princeton,
NJ) was injected intravenously followed by a 20 ml saline
flush at the rate of 2.0 ml/s.

One experienced radiologist retrospectively reviewed the
images and classified lesion morphology and kinetics. The
lesions were assessed according to the BI-RADS® lexicon
as mass, nonmass, or focus. To generate the kinetic curve,
the radiologist traced a small region of interest (ROI) around
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what was perceived to be the most enhancing part of the
lesion on the first postcontrast image. The plot of signal in-
tensity vs. time for this ROl was assessed by the radiologist
according to the BI-RADS® lexicon, which describes the
“initial rise” (rapid, medium, slow) and “delayed phase”
(persistent, plateau, washout) of the kinetic curve.

II.C. Simplified empirical mathematical model

The kinetic curve obtained above was analyzed quantita-
tively using a simplified empirical mathematical model
(EMM). To implement the model, the average signal inten-
sity as a function of time (S(t)) was first calculated in the
selected ROI. Next, the relative signal changes after contrast
injection were calculated: AS=(S,-S))/S, where & is the
average signal intensity in the precontrast scan, and S, is the
signal intensity at the nth postcontrast time point. Then AS(t)
was fit to

ASH=A-(1-€ ., (1)

where A is the upper limit of the signal intensity, & (min™) is
the rate of signal increase, and 8 (min™!) is the rate of the
signal decrease during washout. This is a modified version of
a more complicated five-parameter empirical mathematical
model that has proven to be diagnostically useful.*?

The 3D bilateral DCEMRI data were processed using
software written in IDL (Research Systems, Inc., Boulder,
CO). From the primary EMM parameters A, « and 3, we
derived Kinetic parameters that are commonly used in the
literature: iAUCsq, SIopeini, Tpeaks SER, Kpear - hich are
described in Table I.

I1.D. Data analysis and statistical evaluation

We compared the kinetic characteristics of benign and
malignant lesions as evaluated by the BI-RADS® lexicon as
well as the EMM. The Kinetic characteristics of benign and
malignant lesions within mass and nonmass lesions were
compared: (i) benign vs. malignant mass lesions, and (ii)
benign vs. malignant nonmass lesions. In addition, we also
compared the kinetic characteristics of malignant mass vs.
malignant nonmass lesions.

To compare the proportion of washout vs. plateau and
persistent (or rapid vs. medium and slow) curves between
benign and malignant lesions overall, as well as stratified by
type of enhancement, we used the Pearson’s y? test for sig-
nificance, with a p value of <0.05 indicating statistical sig-
nificance.

After fitting the kinetic curve to the EMM the goodness of
fit parameter R? was calculated for each lesion. Two-tailed
unequal variance student’s t-tests were performed to evaluate
which EMM parameters showed significant differences be-
tween the benign and malignant breast lesions overall, as
well as the subpopulations of mass and nonmass lesions. The
Holm-Bonferroni correction method was applied to test for
the multiple tests of significance.*

Receiver operating characteristic (ROC) analysis was per-
formed to compare the diagnostic performance of the EMM
parameters on mass lesions vs. nonmass lesions. ROCKIT
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TaBLE I. A list and description of the EMM parameters derived from the primary parameters A, «, and B.

Description

Equation

IAUC;: Initial area under the kinetic curve at 30 &b
Slope;;(min™2): Initial slope of the kinetic curve*©®

Tpeak (Min): Time to peak enhancement

Kpeak: Curvature at the peak of enhancement Tpeq

SER: Signal enhancement ratio®

IAUC =A-[(1-eF7)/ g+ (e «*A-1)/ (a+ )]
Here we used 7=30 s.

Sope;,~Aa

Tpeak= 1/ log(1+ a/ B)
Note that when B=<0, the curves did not reach the peak within the duration of the
experiment. In these cases, we used the last time point as Tea.

Kpeak = ~Aa

SER=AS,/AS =eltL-t)B, (1_e-ﬂl1)/(1_e-ﬂlL)

Here, t;=60 s and t, =300 s used in this study. A SER value greater than 1.1 indicates
the signal intensity decreases with respect to its value at 60 s; SER less than 0.9
indicates that signal intensity continues to rise; and SER between 0.9 and 1.1
represents a plateau relative to intensity at 60 s.

®Reference 34.
PReference 35.
‘Reference 36.
dReference 37.
*Reference 38.

software (RockIT 0.9B Beta Version, Charles E. Metz, Uni-
versity of Chicago) was used to generate the ROC curves.

[ll. RESULTS
[IlLA. Qualitative (BI-RADS) kinetic findings

Of the 112 lesions, 70 were classified by the expert breast
radiologist based on the BI-RADS lexicon as mass lesions,
44 of which were malignant and 26 benign; 38 were classi-
fied as nonmass lesions, with 31 malignant and seven benign.
Of the remaining four focus lesions, two were benign and
two malignant. In the subsequent analyses, focus lesions
were excluded. The distribution of the BI-RADS® assess-
ments of initial uptake and delayed phase for all malignant
and benign lesions is shown in Table Il. Overall, malignant
lesions exhibited a substantially higher proportion of curves
showing “rapid” initial rise, at 90% (69/77), compared with
benign lesions, at 74% (26/35). Malignant and benign lesions

also differed in delayed phase distribution with 65% (50/77)
and 40% (14/35) classified as “washout™ curves, respectively
(p=0.023).

The classification of initial rise and delayed phase for
mass and nonmass lesions is also shown in Table Il. The
kinetic curves of 77% (34/44) of mass-like malignant lesions
were classified as “washout,” compared with 38% (10/26) of
mass-like benign lesions (p=0.001). Seventy three percent
(19/26) of benign mass lesions showed “rapid” initial rise
compared with 93% (41/44) of malignant mass lesions.
However, we did not find a significant difference in the dis-
tribution of initial rise or delayed phase classification of non-
mass malignant and nonmass benign lesions (p>0.65).

IIl.B. Quantitative (EMM) kinetic findings

The EMM was able to accurately fit the curves, with a
goodness of fit parameter R? greater than 0.90 for all lesions
studied. Some examples of benign and malignant mass and

TaBLE Il. Distributions of BI-RADS® categories for the qualitative assessment of the initial rise and delayed
phased of kinetic curves for benign and malignant lesions, as well as the subtypes of benign and malignant
lesions considered here. There were two benign and two malignant lesions classified as focus type enhancement,

which do not appear in the table below.

Benign Malignant
All Mass Nonmass All Mass Nonmass
(n=35) (n=26) (n=7) (n=77) (n=44) (n=31)
BIRADS® Initial rise Rapid 26 19 5 69 41 27
Medium 8 6 2 6 3
Sow 1 1 0 2 0 1
BIRADS® Delayed phase Washout 14 10 2 50 34 16
Plateau 15 12 3 19 9
Persistent 6 4 2 8 6

Medical Physics, Vol. 35, No. 7, July 2008



3106 Jansen et al.. DCEMRI of mass and non-mass breast lesions 3106

TasLE Ill. The primary and derived diagnostic parameters calculated from
the EMM in malignant and benign lesions. Reported values are mean =+
standard deviation of the sample for all cases. The p value after Student
t-test is shown for each parameter, along with the required p value for
significance according to the Holm—Bonferroni correction for multiple tests
of significance. Numbers in bold indicate that there was a statistically sig-
nificant difference between benign and malignant lesions, according to the
Student’s t-test and after using the Holm-Bonferroni correction for multiple
comparisons.

All
EMM AlIBenign Malignant Required
parameter (n=35) (n=77) p values p value
A 42+22 41+22 p=0.703 p=0.05
a (min™1) 1.6+1.1 21+1.1 p=0.047 p=0.01
B (min™d) 0.045+0.047 0.059=0.061 p=0.24 p=0.025
iAUCs 0.55+0.34 0.71+054 p=0.07 p=0.013
Slope,i (min™) 6.1+4.6 8.8+8.4 p=0.04 p=0.008
aneak (min) 34+18 27*+18 p=0.12 p=0.017
Kpeak -0.30+0.48 -0.68*+1.19 p=0.02 p=0.007
SER 0.88*+0.31 1.14+049 p=0.001 p=0.006

®For those curves which did not reach a peak within the duration of the
experiment, we assumed a time to peak of 5 min.

nonmass lesions, along with the fitted kinetic curves, are
shown in Fig. 1. After fitting the kinetic curves, the five
derived parameters were calculated using the equations in
Table I. The average values of all primary and derived pa-
rameters are displayed in Table Ill. T-test comparisons dem-
onstrated a trend that malignant lesions had substantially
faster contrast uptake («) steeper initial slope (Slope;,),
larger enhancement ratio (SER) and sharper curvature («peax)
than benign lesions. However, after applying the Holm-
Bonferroni correction for multiple comparisons,39 only the
parameter SER was significant, probably due to our database
size.

All of the primary and derived EMM parameters «, S,
Tpeaks IAUCs, SER, Slopejy;, and «peq €xcept for A differed
substantially between benign and malignant mass lesions
(Fig. 2). That is, kinetic curves of malignant mass lesions,
exhibited stronger contrast uptake (a, IAUC5q, Slope;,;), ear-
lier peak enhancement (T ), and sharper, stronger washout
(SER, Kpeaks B) compared with benign mass lesions. After
applying the Holm—Bonferroni correction for multiple tests
of significance only the parameters SER and Ty Were sig-
nificant, likely due to our database size. However, for non-
mass lesions, we found no statistical differences in any of the
primary or derived EMM parameters for benign vs. malig-
nant lesions (p>0.51 for all, Fig. 2). Considering malignant
lesions only, those with mass-like enhancement had substan-
tially larger A, B, iIAUC5, and Slope;,; compared with ma-
lignant nonmass lesions, and after the Holm-Bonferroni cor-
rection only the parameter A remained significant (p
=0.004).

ROC analysis was used to evaluate the diagnostic accu-
racy of the primary and derived EMM parameters. ROC
curves were generated for each parameter separately among
mass and nonmass lesions. The A, values in mass lesions
ranged from 0.54 (A) to 0.72 (SER), and in nonmass lesions
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from 0.52 («) to 0.60 (A). For all parameters except for A,
the A, values were higher in mass lesions, but this was not
significant (p>0.19), likely due to the small number of be-
nign nonmass lesions considered. The ROC curves for these
parameters are shown in Fig. 3.

IV. DISCUSSION

We have found that kinetic parameters have the potential
to distinguish benign and malignant mass lesions more effec-
tively, but failed to demonstrate usefulness in discriminating
benign from malignant nonmass lesions. This trend was
found both for the qualitative BI-RADS® and quantitative
EMM measures of kinetics. Malignant mass lesions exhib-
ited a higher proportion of washout type curves as well as a
higher initial uptake («, iIAUC4, Slope;,;) and faster, stron-
ger washout (B, Tpeas SER, Kpea) COmpared with benign
mass lesions, although after accounting for multiple tests of
significance only the differences in SER and Ty Were sig-
nificant. Conversely, the kinetic characteristics of malignant
and benign nonmass lesions appeared not to differ according
to either the BI-RADS® lexicon or EMM. These results
translated into diagnostic performance: the A, values derived
from ROC curves also demonstrated that the diagnostic per-
formance of all EMM parameters except one (A) was im-
proved in mass lesions. Among malignant lesions, the pa-
rameters A, B, IAUC5, and Slope;,; differed between mass
and nonmass lesions, and the parameter A was significant
after correcting for multiple comparisons.

Kinetic curve shape is related to the perfusion, capillary
permeability, and diffusion of contrast media from blood
vessels to the extracellular space—these biological proper-
ties ultimately explain the differences between mass and
nonmass lesions noted above. One important class of malig-
nant lesions that most often displays nonmass-like enhance-
ment is in situ lesions, in which neoplastic ductal epithelial
cells remain confined to mammary ducts. The growth of vas-
culature associated with DCIS is not well understood. Guidi
et al. showed an increase in vessel density around ducts with
DCIS, although with variable patterns.‘m Heffelfinger found
that the expression of angiogenic growth factors (such as
VEGF) increases from hyperplasia to DCIS.***? The physi-
ology of DCIS is distinct from invasive ductal carcinoma
(IDC), in which cancer cells have invaded the surrounding
stroma with well-defined but infiltrative margins. The vascu-
lature associated with IDC lesions is dense and leaky.****
These physiological differences of DCIS and IDC lesions are
likely related to the corresponding differences in MR presen-
tation, in which IDC predominantly presents as a mass lesion
on MRLY

Although most DCIS lesions display a distinctive
nonmass-like enhancement at MR imaging, they do not ex-
hibit a consistent kinetic pattern. Unlike invasive cancers, the
kinetic curves of DCIS lesions can often exhibit persistent
signal increase, or signal intensity that plateaus over
time.**14%® Because of the variable kinetic pattern of DCIS
lesions, some have suggested that kinetic information—
specifically, the BI-RADS® qualitative assessment of de-
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layed phase—is not useful in diagnosing DCIS lesions and
instead, morphologic analysis should be favored.*® Our re-
sults support this prior work, in that we have found large
overlap in the kinetic characteristics of benign and malignant
nonmass lesions. However, given that the physiological basis
of enhancement is likely different in nonmass vs. mass le-
sions, it may be that new quantitative Kkinetic parameters
need to be developed that are tailored for nonmass lesions.
We found that malignant nonmass lesions exhibited signifi-
cantly lower contrast uptake compared with malignant mass
lesions; this underscores the importance of early imaging to
distinguish nonmass lesions from enhancing normal paren-
chyma which has a similar nonmass morphology. Perhaps
other imaging techniques may be important; recent work by
Bartella et al. suggested that using proton spectroscopy to
measure choline peaks yielded high sensitivity and specific-
ity to malignant nonmass lesions.”
There are several limitations to this study.

e While the total number of lesions studied was relatively
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Fic. 2. The average value = standard
deviation for each EMM parameter in
benign (white bars) and malignant
(gray bars) lesions, stratified by type
of enhancement as mass or nonmass.
After correcting for multiple tests of
significance, the parameters SER and
Toeak demonstrated significant differ-
ences among malignant and benign
mass lesions.

large, there were only seven nonmass-like benign le-
sions, which may be too small to perform reliable com-
parisons of the subtypes of benign and malignant le-
sions presented here. It is important to verify the results
of this pilot study in a larger number of patients. In
particular, because of the multiple parameters calculated
in this study, the Holm—Bonferroni correction reduced
the statistical significance of our findings. With larger
numbers of lesions, this may no longer be the case.
40% of benign lesion kinetic curves were classified as
washout, which is higher than many reports. The benign
lesions considered were suspicious enough to warrant
biopsy. Since most obviously benign lesions exhibit
persistent type kinetic curves and would not be sent to
biopsy, this may skew the delayed phase distribution in
this study away from the persistent curve type. How-
ever, in other studies, where only histologically proven
benign lesions were considered, comparable values
were found.*
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Fic. 3. Fitted binormal ROC curves generated by the RockIT software are
shown for the EMM parameters with the highest, and lowest, A, values in
mass and nonmass lesions. SER (solid blue line) and A (solid red line) had
the highest A, values in mass and nonmass lesions, respectively. A (dashed
blue line) and « (dashed red line) had the lowest A, values in mass and
nonmass lesions, respectively.

e The placement and size of the ROI was determined
manually, and only one small ROI was used to charac-
terize the whole lesion. This single ROl may not cap-
ture the heterogeneity of kinetic enhancement patterns
in the lesion. In addition, partial volume effects may
compromise the accuracy of the kinetic curve, espe-
cially in lesions with nonmass-like enhancement. It is
possible that partial volume effects produce the ob-
served differences between mass and nonmass lesion.
Furthermore, in our study the ROI was selected by one
single radiologist. It is likely that other radiologists may
select slightly different ROIs, which in turn would af-
fect the kinetic curve of the lesion. Future studies
should be performed to test the results of this pilot study
both with increased numbers of lesions and more ob-
Servers.

« Although the EMM fit the curves very well, sparse sam-
pling of the Kinetic curve may result in more fitting
errors in the uptake phase. In addition, preclinical stud-
ies suggest that specificity of the EMM is improved
when the tail of the washout curve is sampled for at
least 15 min; the curves studied here were truncated at
approximately 6 min.>*2

Despite these shortcomings, as a pilot study our results

suggest that current kinetic analysis may not be effective in
nonmass lesions, while it may be effective in mass lesions,
and that the enhancement kinetics of malignant nonmass and
mass lesions are different. If the results of this study are
validated in a larger trial, we expect that it may be useful in
computer aided detection and diagnosis (CAD) algorithms.
By training classifiers on mass and nonmass lesions sepa-
rately, it may be that (i) detection of nonmass lesions could
be improved by choosing accurate thresholds, (ii) the prob-
ability of malignancy in mass lesions may be improved, and
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(iii) new kinetic parameters that are diagnostically effective
in cases of nonmass-like enhancement may be discovered.
Future work will focus on a larger group of lesions with
detailed pathology analysis, to investigate new parameters
targeted at nonmass lesions. In addition, pixel by pixel analy-
sis, acquiring high spatial/temporal resolution of MR images,
or following the later phase of the kinetic curves for a longer
time, could be used to help improve the differentiation of
nonmass malignant from nonmass benign lesions.
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Abstract

Improving the prevention and detection of preinvasive ductal carcinoma in
situ (DCIS) is expected to lower both morbidity and mortality from breast
cancer. Transgenic mouse models can be used as a ‘test bed’ to develop new
imaging methods and to evaluate the efficacy of candidate preventive therapies.
We hypothesized that despite its microscopic size, early murine mammary
cancer, including DCIS, might be accurately detected by MRI. C3(1) SV40
TAg female mice (n = 23) between 10 and 18 weeks of age were selected for
study. Eleven mice were subjected to in vitro imaging using a T,-weighted
spin echo sequence and 12 mice were selected for in vivo imaging using a
Ti1-weighted gradient echo, a T,-weighted spin echo and high spectral and
spatial resolution imaging sequences. The imaged glands were carefully
dissected, formalin fixed and paraffin embedded, and then H&E stained
sections were obtained. The ratio of image-detected versus histologically
detected cancers was obtained by reviewing the MR images and H&E
sections independently and using histology as the gold standard. MR images
were able to detect 12/12 intramammary lymph nodes, 1/1 relatively large
(~5 mm) tumor, 17/18 small (~1 mm) tumors and 13/16 ducts distended with
DCIS greater than 300 um. Significantly, there were no false positives—i.e.,
image detection always corresponded to a histologically detectable cancer in
this model. These results indicate that MR imaging can reliably detect both
preinvasive in situ and early invasive mammary cancers in mice with high
sensitivity. This technology is an important step toward the more effective
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use of non-invasive imaging in pre-clinical studies of breast cancer prevention,
detection and treatment.

(Some figures in this article are in colour only in the electronic version)

Introduction

Women diagnosed with breast cancer today have significantly better survival outcomes
compared with their counterparts 30 years ago (Jemal et al 2004). This is attributed to
improvements in treatment as well as improved detection of early stage cancer due to screening
mammography (Berry et al 2005). Currently, 15-25% of newly diagnosed breast cancers are
preinvasive ductal carcinomainsitu (DCIS) (Tsikitis and Chung 2006), and with improvements
in imaging these percentages are likely to increase. Women diagnosed with DCIS have the
best prognosis with long-term survival rates of 97-99% (Morrow et al 2002). Half of all
newly diagnosed invasive carcinomas are stage I, which is the earliest form of invasive breast
cancer and does not involve metastatic spread to the lymph nodes (Li et al 2003). Some
have suggested that improving the detection of early cancers is essential for further decreasing
mortality rates (Duffy et al 2003). Thus, to help increase survival rates it is clearly essential
to improve detection and effective treatment of early breast cancer.

Dynamic contrast-enhanced MR imaging (DCEMRI) of the breast has been shown to
improve the detection of early stage invasive cancers, and has recently been recommended
by the American Cancer Society for the screening of women at high risk for developing
breast cancer (Saslow et al 2007). However, initial reports studying the presentation of DCIS
on DCEMRI found poorer sensitivity and specificity compared with x-ray mammography
(Gilles et al 1995, Menell et al 2005, Orel et al 1997, Schouten van der Velden et al
2006). Although recent work has demonstrated that the sensitivity of DCEMRI for DCIS
is increasing (Kuhl et al 2007), there is clearly room for improvement in diagnostic accuracy.
It is anticipated that studies of the physiological and biological characteristics of early
breast cancers will help improve imaging methods and analysis, because these insights
will help to guide imaging approaches to find physiologically abnormal tissues seen in
cancer.

Due to the urgency of surgery in early human breast cancer, studies of the natural history
of such cancers in patients are difficult to perform. Therefore, transgenic and xenografted
mouse models of breast cancer are widely used to investigate the biological basis of human
breast cancer, to evaluate new therapies and to develop improved imaging methods. The
usefulness of these mouse models depends on how closely they resemble human breast cancer.
This is one reason why transgenic mouse models are appealing and have led to improvements
in detection and treatment of cancers: the tumors arise without additional carcinogens and
the early tumors progress through the stages of disease, i.e. from in situ to invasive, closely
mimicking their human counterpart. If mice are to be used as successful models of human
cancer biology, then imaging methods that detect in situ tumors are required to accurately
assess preventive, diagnostic and therapeutic interventions. To date, however, there have been
no reports of in vivo imaging of in situ or even nonpalpable invasive mammary gland cancers
in mice (Abbey et al 2004, Artemov et al 2003, Bremer et al 2005, Galie et al 2004, Geninatti
Crich et al 2006, Hsueh et al 2006, Jenkins et al 2005, Robinson et al 2003, Rodrigues
et al 2004, 2006, Seemann et al 2006, Tian et al 2003). In fact, most imaging studies of
mouse mammary cancer have focused on large tumors that are extremely advanced. Relative
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to DCIS and early invasive cancers, these more advanced cancers are not realistic models of
the majority of newly diagnosed breast cancers in women.

In this project, our goal was to determine whether MR imaging of early murine mammary
cancer, including in situ carcinoma, is feasible. We studied the SV40 Tag transgenic mouse
model of breast cancer in which mammary cancer develops at about 16 weeks and progresses
through histological stages that are similar to human breast cancer progression. We developed
our imaging technique by first detecting microscopic cancers ex vivo in excised mammary
glands. We then were able to successfully advance to in vivo imaging of in situ carcinoma in
living animals.

Materials and methods

Animals

Twenty-three C3(1) SV40 large T antigen (Tag) transgenic mice were used for MR imaging
(Maroulakou et al 1994). This mouse model targets expression of large Tag to the female
mammary gland via the C3(1) promoter. Female mice develop mammary cancer that resembles
human ductal breast carcinoma, including progression through atypical ductal hyperplasia
(~8 weeks), DCIS (~12 weeks) and IDC (~16 weeks) (Green et al 2000). Eleven of
the 23 mice were selected for in vitro imaging, and the remaining 12 for in vivo imaging.
All procedures were carried out in accordance with our institution’s Animal Care and Use
Committee approval. Animals were anesthetized prior to imaging experiments, and anesthesia
was maintained during imaging at 1.5% isoflorane. Body temperature was maintained with a
warm air blower. The temperature, heart rate and respiration rate were monitored with data
taken every minute and the signal from the respiration sensor was used to obtain gated images.

MRI experiments

Imaging was performed with a Bruker 4.7 tesla magnet equipped with a self-shielded gradient
set that delivers maximum gradient strength of 20 Gauss cm—.

In vitro. A homebuilt 6-leg low-pass half-open birdcage coil (3 ¢cm length x 2 cm
width x 1 cm height) was built for mammary gland in vitro imaging using a multi-slice
multiple spin-echo sequence (rapid acquisition with refocused echoes (RARE) (Friedburg
et al 1987), four RARE partitions, TR/TE: 4000/50 ms, field of view (FOV) = 3.0 x 1.5cm,
number of excitations (NEX) = 2, slice thickness = 0.75 mm and inplane resolution =
117 um). Twenty-two excised and fixed inguinal mammary gland specimens were imaged
from 11 mice between 8 and 22 weeks of age. Inguinal mammary glands are I-shaped with
a typical size of 2 cm x 2 cm and 2-3 mm thick, unless a larger tumor is present. For MR
imaging, the glands were laid flat in the coil and three to seven slices were obtained from the
top down.

In vivo. Another homebuilt 8-leg low-pass half-open birdcage coil (3 cm length x
3 cm width x 2 cm height) that produced high flux density in the mammary gland
(Fan et al 2006) was used for in vivo imaging. Several pulse sequences were evaluated.
Initially, two sets of multislice gradient-recalled echo (GRE) images were obtained (TR/TE:
675/7 ms, FOV = 3.0 x 3.0 cm, matrix size = 256 x 256, NEX = 2, slices = 21, slice
thickness = 0.5 mm, in-plane resolution = 117 um and flip angle = 30°) across the entire
sensitive volume of the coil to map out the whole gland. Based on this initial evaluation,
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six to ten slices that contained structures of interest (i.e., candidate cancers) were evaluated
further: (i) GRE with fat suppression (same imaging parameters as above), (ii) spin-echo
(SE) images (multi-slice RARE, TR/TE: 3000/29 ms, RARE acceleration factor = 4, FOV
= 3.0 x 3.0 cm, matrix size = 256 x 256, NEX = 2, slice thickness = 0.5 mm and in-plane
resolution = 117), (iii) SE with fat suppression. Finally, in order to improve fat suppression,
high spectral and spatial (HiSS) resolution imaging was obtained of a single slice (using
echo-planar spectroscopic imaging (EPSI) (Mansfield 1984) with a spectral resolution of
~6 Hz, FOV = 3.0 x 3.0 cm, matrix size = 256 x 256, number of echoes = 32,
NEX = 2, slices = 1, slice thickness = 0.5 mm and in-plane resolution = 117 um). The HiSS
method has been detailed in prior work (Du et al 2005); briefly, HiSS acquisitions sample
the entire free induction decay in each voxel, and after processing water peak-height images
can be displayed—this provides complete fat suppression. With a typical mouse respiration
rate of less than 1 s under anesthesia (equivalent to TR ~900 ms), the time required for each
set of gated GRE images was approximately 7.5 min (5.8 min without gating), and for each
set of gated SE images approximately 6.5 min (6.4 min without gating). Finally, it took
approximately 7.5 min to acquire one slice using HiSS (approximately 6.8 min non-gated),
which is considerably less efficient than the GRE acquisition that acquired many more slices
in the same amount of time. The total experiment time was approximately 1.5 h.

The inguinal mammary glands on the left side of 12 mice between the ages of 10 and 18
weeks were selected for imaging. To facilitate spatial correlations between MR images and
histology (below), a fine polyethylene mesh ~3.0 cm x 2.0 cm in size with 3.0 mm spacing
was embedded in partially deuterated agar and wrapped around each mouse. It also served
to eliminate the air-tissue interface near the mammary gland, which is expected to reduce
susceptibility artifacts.

Correlation of MRI with histology

Hematoxylin and eosin (H&E) stained sections of the imaged mammary glands were obtained
(5 um thick H&E sections every 50 um) and evaluated by an experienced breast and mouse
mammary gland pathologist (TK). Intramammary lymph nodes, invasive tumors and ducts
distended with DCIS with diameters greater than 300 wm were identified and used as the gold
standard. For the invitrostudy, the H&E stained sections were acquired in the same orientation
as the MR images and thus the two were easily compared, after being reviewed independently.
For the in vivo study, the agar grid served as a coordinate system of fiducial markers with
which to compare the H&E stained sections of the whole gland with axial MR images, which
represent cross-sectional slices through the mammary gland. During imaging, the agar grid
was wrapped around the mouse and the grid positions were marked on the skin. After excision
and H&E staining, the mammary glands maintained the same orientation relative to these
skin markers since they remained attached to the skin throughout. We were thus able to infer
the grid coordinates of cancers found on the H&E sections. In addition, the agar grid was
MR-visible; the grid coordinates of candidate lesions could therefore be determined directly
from the MR images. To determine the sensitivity of MRI: (i) one representative H&E section
was selected per mouse and the grid coordinates of cancers were noted by an experienced
pathologist, (ii) the MR images were reviewed independently by a separate reader, and grid
coordinates of candidate lesions were noted, (iii) using histology as the gold-standard for
diagnosis, the locations of cancers found on the H&E section were compared with the location
of lesions detected by MRI, and the ratio of MR-detected versus H&E confirmed cancers was
calculated.
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Image analysis

The signal-to-noise ratio (SNR) of lymph nodes, DCIS and invasive tumors was calculated in
the GRE and RARE SE images as follows:

S
SNR = ,

Onoise

where S is the average signal intensity in a region of interest (ROI) drawn around the lesion
or lymph node, and oneise Was averaged from the standard deviations of signal intensities
measured in a 0.5 cm x 0.5 cm ROI drawn in the lower left and right corners of the
image. In addition, the contrast-to-noise ratio (CNR) of lymph nodes, DCIS and invasive
tumors was calculated relative to muscle and normal mammary glandular tissue (MGT) as
follows:

CNRIesion—muscle = SNRIesion - SNRmuscIe
CNRIesion—MGT = SNRIesion - SI\IRMGT~

Lesion morphology. The morphology of the lesions and lymph nodes detected by in vivo
noncontrast MRI was analyzed using descriptors analogous to those used for clinical contrast-
enhanced breast MRI of women. For clinical examinations, the Breast Imaging-Reporting
and Data System (BI-RADS) lexicon classifies the type, shape, margins and enhancement
pattern of the lesion (ACR 2003). Although contrast was not used in our study, the
morphology of the lesions was classified using an approach analogous to a simplified
version of the BI-RADS lexicon as follows: type (mass or non-mass), shape/distribution
(for mass lesions: round, oval, lobular or irregular; for non-mass lesions: linear, ductal
or segmental), margins (for mass lesions only: smooth or irregular) and pattern (for mass
lesions: homogeneous or heterogeneous; for nonmass lesions: homogeneous, stippled or
clumped).

Results

Invitro MRI

H&E stained sections were obtained from six of the 22 excised mammary gland specimens.
Analysis of the histologic slides confirmed that many stages of the development of mammary
carcinoma were present in the specimens, including DCIS, small invasive tumors (<3 mm) and
large tumors (>3 mm). Figure 1 shows four representative examples of the correlation between
RARE SE MR images and histology. After reviewing the MR images and H&E sections
separately using the pathologist’s report as the gold standard for cancer diagnosis, it can be
seen that the MR images matched the H&E stained sections, demonstrating intramammary
lymph nodes, DCIS and both large and small invasive tumors. Review of the MR images of
all 22 excised specimens demonstrated 6 large tumors (>3 mm), 30 small tumors (<3 mm),
32 DCIS lesions and 22 lymph nodes.

Invivo MRI

An in vivo MR image of a normal mammary gland is shown in figures 2(a) and (b),
demonstrating that after fat suppression the signal from the background mammary gland
decreases. However, careful inspection reveals a diffuse background signal that may be
due to normal parenchyma. Figures 2(c) and (d) also demonstrate the procedure used
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Figure 1. In vitro MR images (RARE SE) with corresponding H&E stained sections of the
different stages of mammary cancer. For each MR image, the display FOV is 0.8 x 0.48 cm.
White arrowheads point to lymph nodes, thin black arrows to DCIS and thick black arrows to
invasive tumors. The lymph nodes here are approximately 2-3 mm in size, while invasive tumors
range from approximately 2-4 mm in size. The ducts distended with DCIS range from one to
a few hundred microns in diameter. In (a) approximately 120 xm ducts with very early DCIS
are detected. In (b) the ducts are now distended further with DCIS to a few hundred microns in
diameter, and an area of microinvasion—i.e., where the cancer cells have penetrated through the
basement membrane—is evident (thin gray arrow). This marks the beginning of the transition
from in situ to invasive carcinoma. In (c) two relatively large ~4 mm invasive tumors are shown.
In (d) smaller ~2 mm invasive tumors and DCIS are demonstrated.

in this study to correlate MR images with histology using the agar grid. We found that
DCIS and early invasive tumors appeared clearly against a darker background of mammary
glandular tissue/fat. DCIS lesions were typically a few millimeters in length and 0.5 mm
wide, while invasive tumors were small and round. Two representative examples illustrating
the correlation between axial GRE MR images and histology are shown in figure 3. The
MR images correlated well with the corresponding H&E stained sections of the mammary
glands. H&E stained sections were obtained from the inguinal glands of all of the 12 mice
selected for in vivo MR imaging. Based on the histologic review of the pathologist, there
were 12 lymph nodes, one large (~5 mm) tumor, 18 small nonpalpable tumors ~0.5—
3 mm in size and 16 ducts distended with DCIS greater than 300 um in diameter. The
sensitivity of GRE imaging was 100% for lymph nodes (12/12); 100% for tumors larger than
5 mm (1/1); 94% for small tumors 0.5-3 mm in size (17/18); and 81% for DCIS (13/16).
Significantly, there were no false positives—i.e., an MR finding corresponded to cancer in
all glands examined. Three more examples of early murine mammary cancer are shown in
figure 4.

The GRE images with fat suppression provided the clearest images of early murine
mammary cancer. In comparison, To-weighted RARE images with and without fat suppression
did not depict the cancers or lymph nodes well, as shown for one case in figure 5. This
qualitative observation was validated by calculations of SNR and CNR, as shown in table 1.
For GRE images with fat suppression, the average SNR of lymph nodes, tumors and DCIS
lesions were comparable to each other and to muscle, but were three to four times higher than
normal mammary gland tissue. The average SNR of lymph nodes, tumors and DCIS lesions
in RARE SE images with fat suppression were higher than muscle. However, unlike GRE
images, RARE SE images of early murine mammary cancers and lymph nodes had comparable
SNR to the normal mammary gland tissue. Thus, because of the high background signal of
the mammary gland tissue, early cancer was not well-visualized on RARE SE images. In
contrast, HiSS water peak-height images provided excellent lesion visualization with complete
fat suppression (figure 5).
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Figure 2. Axial GRE MR image of normal mammary gland (outlined in white) (a) without fat
suppression, (b) with fat suppression. The display FOV is 3.0 x 2.0 cm. After fat suppression,
signal from the mammary gland decreases. In (c) and (d), we illustrate how histology is compared
to the MR image in (a). In (c), the same gland as imaged in (a) is excised (outlined in white) and
the grid is visible on top, (d) the H&E section is superimposed and the grid coordinate system is
noted, with z indicating the direction of the main magnetic field. The MR image in (a) represents
one axial slice through the mammary gland along the z direction (in this case, ~z = 4). The x
dimension of the agar grid was wrapped around the mouse during imaging, and the coordinates x =
1 and x = 4 are labeled. After examining the H&E section in (d), a lymph node is identified
at position ~ (z = 4, x = 4-5). After examining all axial slices through the mammary gland, a
structure is identified in (a) at position (z = 4, x = 4-5). Thus, by relating these positions it is
evident that the GRE MR image successfully detected the lymph node (white arrowheads).

Table 1. (a) The average signal-to-noise ratio (SNR) of muscle, normal mammary gland
tissue (MGT), lymph nodes, tumors and DCIS lesions for gradient echo (GRE) images with
fat suppression (FS) and RARE spin-echo (SE) images with fat suppression. (b) The average
contrast-to-noise ratio (CNR) of tumors, DCIS and lymph nodes relative to muscle and normal
mammary glandular tissue. Numbers are mean =+ standard deviation.

(a) Average SNR
Pulse sequence

Muscle MGT Tumor DCIS Lymph node

GRE with FS 339+60 103+42 343+122 30.0 £8.7 403+74

RARE SEwithFS  265+3.0 39.0+55 50.0+54 38.9+8.6 444 +75

(b) Average CNR

Pulse sequence Tumor- DCIs- Lymph node-  Tumor- DCIS- Lymph node—
muscle muscle muscle MGT MGT MGT

GRE with FS 3.78+6.1 —3.6+8.9 6.8 £ 5.6 21.3+83 206 £7.6 299 +6.2

RARE SEwithFS  21.7+52 132+73 180459 7.08+34 246452 54168

Lesion morphology. The morphology of tumors, DCIS and lymph nodes was assessed on
GRE images with fat suppression. These images were acquired on a subset of slices and
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Figure 3. Invivo axial MR images (GRE with fat suppression) and corresponding H&E stained
sections. The MR images and H&E stained sections represent different orientations. During
imaging, the mammary glands are attached to the skin of the mouse, and are therefore wrapped
around the body of the mouse. For excision, the glands are peeled back from the body of the mouse
and laid flat, so that coronal H&E stained sections can be obtained. Each axial MR image represents
one cross-sectional slice through the mammary gland. We used an agar grid (a polyethylene mesh
embedded in partially deuterated agar, see figures 2(c) and (d)) to register the axial MR images
with the H&E stained sections. (a) Lymph node (arrowhead) and DCIS (thin arrow). (b) Lymph
node (arrowhead) and small tumor (thick arrow). For each MR image, the display FOV is 3.0 x
2.0cm.

Figure 4. Examples of GRE images with fat suppression of: (a) DCIS (thin arrow), (b) DCIS (thin
arrow) and (c) small tumor (thick arrow). The display FOV is 3.0 x 2.0 cm. In (b) and (c), the
agar grid is visible wrapped around the mouse.

contained a total of 11 lymph nodes, 9 invasive tumors and 12 DCIS lesions. Nine of 9
invasive tumors were mass lesions, with a round (6/9) or irregular (3/9) shape, with smooth
(6/9) or irregular (3/9) margins, and with a homogeneous (7/9) pattern. As with invasive
tumors, 11/11 of lymph nodes were mass lesions, but the predominant shape was lobular
(8/11) with smooth (10/11) margins, and a homogeneous (11/11) pattern. Eleven of 12
DCIS were nonmass lesions, with a linear (7/12) or ductal (4/12) shape, and a stippled
(4/12), clumped (3/12) or homogeneous (5/12) pattern. Overall, the patterns show a similar
distribution to human tumor morphologies.
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Figure 5. Demonstration of the same axial slice of (a) lymph node (arrowhead) and (b) DCIS
(thin arrow), for three different imaging acquisitions, from left to right: GRE with fat suppression,
RARE SE with fat suppression and high spectral and spatial imaging (HiSS), which yields water
peak height images (shown). The display FOV is 3.0 x 2.0 cm. The GRE with fat suppression
produced clearer images of the cancer and lymph node compared with SE. The HiSS images show
the lymph node and DCIS along with excellent fat suppression.

Discussion

In this study, we show that MR imaging techniques can be successfully applied to non-
palpable, microscopic invasive and in situ murine mammary cancers. The importance of this
accomplishment lies in the fact that (i) modeling early cancers in transgenic animals heretofore
required sacrifice of the animals to assess the impact of potential therapies, and (ii) these tumors
are realistic models of the most frequently detected human cancers, i.e., those early tumors
that are small. We found that MRI can reliably detect the microscopic stages of both in situand
invasive murine mammary cancers with high sensitivity. We also found that all image-detected
lesions were determined to be cancer upon pathological diagnosis. To our knowledge, this
is the first report of in vivo MR imaging of microscopic murine mammary cancer (Arkani
et al 2007). Abbey et al used PET to image DCIS and early murine mammary cancer;
however, the correlation with histology was made ex vivo (Abbey et al 2004). In addition,
MR imaging offers superior spatial resolution compared with PET for lesion localization and
characterization. We next plan to combine the excellent anatomic detail of in vivo MRI with
molecular imaging modalities, such as PET and optical imaging.

Our study was performed primarily to determine whether or not MR imaging of early
murine mammary cancer was feasible. Since there have been no previous reports of MR
imaging of murine DCIS or early invasive cancers, optimal methods for MRI of murine DCIS
had not yet been developed. Therefore, we evaluated several pulse sequences and found that
gradient echo (GE) images with modest T;- weighting (although variable due to respiratory
gating) and fat suppression produced the clearest in vivo images of mammary glands and
cancer compared with T,-weighted spin-echo (SE) images. To image murine mammary
cancer, suppression of signal from the mammary fat pad is important, which was achieved
effectively in the GE and HiSS images. The pulse sequences and parameters used in this initial
study probably do not provide the best possible images of murine mammary glands. It will
now be important to perform quantitative measurements of the Ty, Ty, T; and proton density
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of early murine mammary cancer compared with normal tissue in order to further optimize
imaging methods.

The mechanisms that produce the definitive contrast that we observed between murine
mammary cancers and surrounding fibroglandular tissue and fat are not clear. Mammary
glands are composed of fatty tissue, stroma and ductal/lobular structures that are lined by
epithelial cells. Our results from T;-weighted gradient-echo and HiSS images suggest that
early murine mammary cancers are conspicuous because they have both a shorter T, and a
longer T5 compared to normal glandular tissue and stroma. The larger size/proton density
of DCIS and small tumors compared to normal glandular tissue may also make these lesions
visible. Another possibility is that fat suppression is very effective in the present experiments
because of the small field of view and the large chemical shift difference between water and
fat.

Interestingly, we noted that the morphology of early murine mammary cancers on MRI is
similar to the MR presentation of early human breast cancer. For example, DCIS lesions were
nonmass lesions and appeared in a ductal or linear shape (Esserman et al 2006, Jansen et al
2007), while small invasive cancers appeared as round masses with smooth margins. In clinical
DCEMRI of the human breast, contrast is administered to visualize the lesion. However, in
the present study we used noncontrast-enhanced imaging techniques to detect early cancer,
which represents a significant difference compared with clinical MRI of the human breast.
This disparity may have several causes, including: (i) differences in the composition and/or
distribution of glandular tissue, stroma and fat within the murine versus human mammary
gland, (ii) the larger size of the murine mammary cancer relative to the whole gland when
compared to human cancers, (iii) MR relaxation parameters that are significantly different
in murine versus human cancers and/or normal glandular tissue or (iv) imaging at high field
may yield novel contrast characteristics. Further work is needed to understand the differences
between the current results in mice and those obtained in routine clinical practice. This will
include precise measurements of relaxation times and proton density differences between
DCIS, invasive tumors, lymph nodes and normal parenchyma in the mouse mammary glands
at high field; we anticipate this will help us to determine the mechanisms underlying lesion
conspicuity in our murine model. Our results also suggest the possibility of using non-contrast-
enhanced techniques to image human cancers, a goal which is currently the subject of ongoing
research (Du et al 2002, Medved et al 2006, Santyr 1994).

The results of the present study suggest that in the future MR imaging can be used to
assess the effectiveness of therapies for cancers of all stages—in situ, early invasive and
advanced. In addition, using the MR imaging techniques we have shown here, new contrast
agents and imaging techniques that target DCIS and early invasive cancers can be developed,
optimized and evaluated. DCIS is generally considered to be a precursor of invasive cancer
(Recht et al 1998). However, because its progression cannot be routinely observed in women,
the natural history of DCIS is not well understood. Evidence from studies where DCIS was
initially misdiagnosed as a benign disease suggests that 14-53% of DCIS may progress to
become invasive cancer (Erbas et al 2006). Autopsy studies have shown that DCIS is found
in 5-14% of women, implying that there is a large pool of undetected DCIS in the general
population (Erbas et al 2006). Although it is a preinvasive disease, due to the uncertainty of
the natural history of individual lesions, DCIS is currently managed with obligate surgical
excision (Duffy et al 2005). The techniques we report here provide a first step toward the use
of noninvasive imaging to investigate the progression of DCIS in an animal model, and may
allow us to study the characteristics of those tumors that become invasive cancers compared to
those that do not. This information can be used to improve clinical management of early breast
cancers.
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In summary, the present study was designed to develop MR approaches to detecting
early murine mammary cancer in vivo. We selected a transgenic mouse model with nearly
100% penetrance of mammary cancer. A logical extension of the work discussed here
will be to test our MRI detection methods of early cancers in other mouse strains that
develop mammary cancer with a much lower percentage penetrance. We also plan to
acquire and analyze the DCEMRI kinetic parameters of early murine mammary cancer
for comparison with noncontrast-enhanced images, and are investigating the mechanism of
contrast enhancement in DCIS using x-ray fluorescence microscopy to measure the distribution
of Gd-DTPA (an MR contrast agent) in murine DCIS lesions. It will also be important to
image thoracic mammary glands in addition to the inguinal glands reported here. However,
these experiments provide proof of principle that microscopic mammary tumors can indeed
be detected and followed in a mouse model of breast cancer. This is an important step
toward the more effective use of non-invasive imaging in pre-clinical studies of early breast
cancer.
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ABSTRACT

Objective: To compare the MR kinetic curve data of malignant lesions acquired by three
different MR systems.

Subject and Methods: 601 patients with 682 breast lesions (185 benign, 497 malignant) were
selected for an IRB approved review. The malignant lesions were classified as ductal carcinoma
in situ (DCIS), invasive ductal carcinoma (IDC) and ,other’. Dynamic MR protocol: 1 pre and 3-
7 post-contrast images, acquired using one of three imaging protocol and systems (IPS): IPS1,
IPS2 and IPS3. Analysis of kinetic curve shape was made by an experienced radiologist
according to the BI-RADS lexicon. Several quantitative kinetic parameters were calculated, and
the kinetic parameters of malignant lesions were compared between the three systems.

Results: 304 malignant lesions (185 IDC, 62 DCIS) were imaged on IPS1, 107 lesions (72 IDC,
21 DCIS) on IPS2, and 86 on IPS3 (64 IDC, 17 DCIS). Compared to both IPS1 and IPS2, IDC
lesions acquired on IPS3 demonstrated significantly lower initial enhancement, longer time to
peak enhancement and slower washout rate (p < 0.0004). Only 46% of IDC lesions imaged with
IPS3 exhibited “washout” type curves, compared to 75% and 74% of those imaged with IPS2
and IPS1, respectively. Diagnostic accuracy of kinetic analysis was lower for IPS3, but not
significantly.

Conclusions: The kinetic curve data of malignant lesions acquired by one system exhibited
significantly lower initial contrast uptake and different curve shape compared with the other two.
Differences in k-space sampling, T1 weighting or magnetization transfer effects may be possible

explanations.
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INTRODUCTION

Dynamic contrast enhanced MR imaging (DCEMRI) of the breast is being used
increasingly for a variety of clinical purposes, including post-treatment evaluation, evaluating
extent of malignant disease and for screening of high-risk women[1-3]. The advantage of
DCEMRI is its high sensitivity, particularly for early invasive tumors. This is an important
benefit since detecting breast cancer at an earlier stage could have a strong impact on improving
outcomes[4]. Unfortunately, the specificity of DCEMRI has been reported to be variable [2]. In
addition, there is concern that the diagnostic accuracy of DCEMRI for the earliest stage of breast
cancer, ductal carcinoma in situ (DCIS), may not be high [5]. More recent studies have
suggested that on both these counts, DCEMRI performs comparably to or better than x-ray
mammography [6, 7]. However, these perceived or actual drawbacks, combined with the
increased cost of DCEMRI, have limited the widespread use of MR imaging in the management

of breast cancer patients at this time [8, 9].

Lesions are characterized on DCEMRI by both their morphology and contrast uptake and
washout kinetics. The ability of DCEMRI to detect cancers is governed mostly by whether the
lesion exhibits sufficient contrast enhancement to be discerned from normal tissue. The
specificity of DCEMRI lies in how accurately the morphologic or kinetic descriptors can identify
malignant lesions. In an effort to improve the specificity of DCEMRI, the kinetic and
morphologic characteristics of malignant and benign lesions have been extensively studied [10-
16]. In addition, recent multicenter trials have evaluated the diagnostic efficacy of kinetic and

morphologic parameters and determined features most useful for interpretation of breast
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DCEMRI[17, 18]. Such studies have helped to form general principles with regards to the
interpretation of kinetic data in DCEMRI that are designed to help improve specificity:

General principle 1. Malignant lesions tend to show rapid uptake and washout, while
benign lesions show slower uptake and persistent contrast uptake over time [19, 20], and
General principle 2. The kinetic characteristics of DCIS are variable, overlapping
considerably with benign lesions, and demonstrating slower contrast uptake and washout

compared with invasive ductal carcinomas (IDC) [5, 21-25].

Standardization of breast MR image acquisition is not widespread at this time. That is,
there are no universally applied quality assurance procedures to ensure that as newer systems are
utilized clinically, the measured kinetic curves continue satisfy these two principles. There are
several manufacturers of MR systems, with different k-space sampling methods, pulse sequences
and coils that continue to be modified and improved over time. Furthermore, dynamic imaging
protocols differ across institutions as to timing resolution, use of fat suppression, plane of
acquisition, use of parallel imaging and imaging protocols. Yet radiologists and imaging
physicists should expect that the two principles outlined above would be applicable in all clinical
acquisitions, so that similar interpretation criteria can be applied and similar diagnostic accuracy
can be achieved, even as newer technology (such as parallel imaging, newer k-space sampling
techniques and commercial computer aided detection (CAD) systems) is implemented. At our
institution, we are in a unique position to address these concerns; here, breast MR imaging has
been performed on three different MR systems and we also maintain a database of all MRI

detected lesions imaged on these systems. The purpose of this study was to validate the above
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two principles on different MR systems, and determine whether, absent standardization

procedures, malignant lesions present similarly on all three systems.
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METHODS

Patients

At our institution, DCEMRI is obtained for several reasons including pre-operative staging, post-
chemotherapy evaluation, and screening of high-risk women. We prospectively maintain a
HIPAA compliant database that includes the MR morphology, kinetic curve data and subsequent
pathology (when available) for all lesions detected in women who were enrolled with an IRB
approved waiver of consent or informed consent process. A retrospective review of this database
yielded 682 consecutive lesions with pathology findings (based on biopsy or final pathology
reports) in 601 patients that were eligible for study. These images were acquired May 2002-
April 2007, and the average patient age was 56 £13.5 years. After review of pathology reports,

497 lesions were determined to be malignant and 185 benign.

MR imaging protocols

DCEMRI has been performed at our institution using three different systems outlined in Table 1.
From May 2002-August 2005, patients were imaged using imaging protocol and system 1
(IPS1). From September 2005-April 2007, this was replaced by two new protocol/systems that
were used concurrently (denoted IPS2 and IPS3). Although these two new systems were from
different manufacturers (GE and Philips), collaborative efforts between breast radiologists and
MR physicists were undertaken to ensure that similar parameters and techniques be used for both
so that comparable images would be obtained. For all patients, the first post-contrast images
were acquired 20 seconds after intravenous injection of 20cc of 0.5M Gadodiamide (Omniscan;

Nycomed-Amersham, Princeton, NJ) followed by a 20 ml saline flush at the rate of 2.0 ml /sec.
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Kinetic Analysis

Signal intensity vs. time—or kinetic—curves for each lesion were retrospectively generated in
two ways. For lesions acquired with IPS1, kinetic curves were generated by an experienced
radiologist using institutional software. Specifically, the radiologist viewed all slices containing
the lesion and manually traced a region of interest (ROI) around what they perceived to be the
most enhancing area of the lesion on a single slice. The average size of manually drawn ROIs
was 7.4 pixels. For lesions acquired with IPS2 and IPS3, the kinetic curves were extracted from
a commercially available computer aided detection (CAD) system (CADstream research version
5.0 (Confirma, CA)). In addition to assigning color maps to lesions, this software generates a
volumetric ROI encompassing the lesion and selects the most suspicious curve (that is, the one
with the most rapid uptake and washout) in a 3x3 pixel ROI within the volume. This
representative curve and its corresponding ROI was then examined by the same radiologist, and
manually modified if necessary. In the case that the lesion was not recognized by the CAD
software, the radiologist manually selected an ROI on what was perceived to be the most
enhancing area of the lesion. Although the temporal resolution of the scans on each system
differed somewhat (Table 1), the last time point was at similar times for all protocols, and was
used to determine the delayed phase. Having generated the kinetic curve, the radiologist
classified the initial rise of the curve according to the BI-RADS lexicon as ,rapid’, ,;medium’ or
,slow’, and the delayed phase as ,persistent’, ,plateau’ or ,washout’. This was based on a purely
qualitative assessment of curve shape, and was made blinded to lesion pathology. In addition,
several quantitative parameters were calculated for each curve: the initial enhancement

percentage (E;), the peak enhancement percentage (Epeai), the time to peak enhancement (Tpeai)
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and the signal enhancement ratio (SER), a measure of washout. Further details on these

parameters can be found in the Appendix.

Statistical Analysis

Our aim was to evaluate the two principles presented in the introduction. Because three
different MR systems were used, we performed this evaluation separately in each. To do so,
each lesion was classified as having been imaged with IPS1, IPS2 or IPS3. In addition, the
pathology of each malignant lesion was assigned to be IDC, DCIS or ,pther’ based on review of

pathology reports.

We first began with studying the kinetic curves of malignant and benign lesions that were
imaged by the same protocol/system. The qualitative BI-RADS descriptors of initial rise and
delayed phase were compared between benign and malignant lesions, using the y*-test for
significance, with p < 0.05 indicating significance. The Student’s t-test was used to test for
differences in the quantitative parameters E;, Epeak, SER and Tpeak between benign and
malignant lesions, with a p value < 0.05 indicating significance and using the Holm-Bonferroni
correction for multiple comparisons. In addition, the t-test was also used to compare values of

Ei, Epeak, SER and Tpear between DCIS vs. IDC and DCIS vs. benign lesions.

We next turned to evaluating whether the assessment of contrast kinetics was affected by
which protocol/system was used. The qualitative descriptors of malignant and benign lesions
imaged with IPS1, IPS2 and IPS3 were compared using the  -test, while the quantitative

parameters were compared using the Students t-test. The diagnostic accuracy of kinetic
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parameters was evaluated separately for each protocol. For the qualitative Bl RADS descriptors,
the sensitivity and specificity of ,rapid’, ,washout’ and ,washout/plateau’ were calculated.
Receiver operating characteristic (ROC) analysis was performed to evaluate the diagnostic
performance of the quantitative kinetic parameters. ROCKIT software (ROCKIT 0.9B Beta
Version, Charles E. Metz, University of Chicago[26]) was used to generate the ROC curves and

to compare area under the curve (A,) values using the area test.
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RESULTS

Overall, the majority of lesions—137 benign and 304 malignant—were imaged with IPS1. Of
the remaining benign lesions, 21 and 27 were imaged with IPS2 and IPS3, respectively; of the
remaining malignant lesions, 107 and 86 were imaged with IPS2 and IPS3, respectively. The
majority of malignant lesions were classified as IDC (Table 2). DCIS lesions comprised
approximately 20% of malignant lesions imaged on IPS1, IPS2 and IPS3. Final pathology (i.e.,
lumpectomy or mastectomy) reports were available for 81/100 DCIS lesions, while 19/100 were
classified as DCIS based on biopsy alone. After review of final pathology reports, 66% (66/100)
of DCIS lesions were determined to be pure DCIS, 5% (5/100) were DCIS with microinvasion,
and 10% (10/100) of DCIS lesions were geographically separated from an ipsilateral invasive
cancer. The remaining group of ,other’ malignant lesions were comprised of : 31 invasive
lobular carcinoma, 26 carcinoma (unspecified), 3 invasive tubular carcinoma, 7 Pagets disease of
the nipple, 2 invasive papillary carcinoma, 3 inflammatory carcinoma, 3 mucinous carcinoma
and 1 colloid carcinoma. Examples of malignant IDC lesions acquired with IPS1, IPS2 and

IPS3, as well as their corresponding kinetic curves, are shown in Figure 1.

BI-RADS Assessment of Curve Shape

Kinetic curves of malignant lesions imaged with IPS1 exhibited a higher proportion of
curves with ,rapid’ initial rise, at 89%, compared to 55% of benign lesions (p < 0.0001, Table 2).
Malignant lesions imaged with IPS2 and IPS3, on the other hand, exhibited comparable
proportions of ,yapid’ curves compared to their benign counterparts. For all three protocols, a

higher proportion of malignant lesions demonstrated ,washout’ curves compared with benign
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lesions (p <0.004, Table 2). Comparable proportions of DCIS lesions imaged with IPS1 and
IPS3 exhibited ,washout’, ,plateau’ and ,persistent’ curve shapes, whereas the majority of DCIS

imaged with IPS2 were classified as ,,washout’ or ,plateau’ (Table 2).

Although malignant and benign lesions imaged on each protocol exhibited differences in
their delayed phase characteristics, the actual frequencies of BI-RADS descriptors—e.g., the
proportion of curves classified as ,rapid’ or ,washout’—varied between protocols. For example,
malignant lesions imaged with IPS3 exhibited a slightly lower proportion of curves classified as
,Jrapid’ initial rise, at 81%, compared to malignant lesions acquired with IPS1 and IPS2 (Table
2). Notably, the assessment of delayed phase revealed a marked difference: 69% and 66% of
malignant lesions acquired with [PS2 and IPS1 were classified as ,washout’, respectively,
compared to only 44% of those acquired with IPS3 (Figure 5.2, p < 0.0008). This was re-
demonstrated for IDC lesions separately: only 47% of IDC lesions imaged with IPS3 were
classified as ,washout’ compared to 75% and 74% of IDC lesions imaged with IPS2 and IPSI,

respectively.

Quantitative Kinetic Parameters

The qualitative observations noted above were further confirmed upon quantitative
analysis. Benign lesions imaged with IPS1 exhibited a lower E;, SER and a longer Tpeax
compared with malignant lesions acquired with the same protocol (Table 3, p < 10). Epeak wWas
also lower in benign lesions, but this was not significant. Benign lesions acquired with IPS2 and

IPS3 also exhibited similar trends compared to their malignant counterparts. After the Holm-
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Bonferroni correction for multiple comparisons, E; and Epeax were significant for IPS2 lesions

(p<0.004). No parameters were found to be statistically significant in [PS3 lesions.

We next examined the kinetic parameters of DCIS compared with other lesions. We
found that DCIS lesions acquired with IPS1 exhibited lower Eq, Epea, SER and longer Tpeak
compared to IDC lesions acquired with the same protocol (Table 3, p <0.0008). On the other
hand, DCIS and benign lesions exhibited considerable overlap in all parameters; there was a
trend for DCIS to have lower E; and Epeak, and higher SER compared with benign lesions, but
these were not significant after the Holm-Bonferroni correction. This latter finding persisted for
[PS2 and IPS3: DCIS and benign lesions did not demonstrate significant differences. However,
unlike lesions acquired with IPS1, we did not find a significant difference in the kinetics

parameters of DCIS and IDC lesions acquired with IPS2 or IPS3.

Having analyzed the kinetic characteristics of benign and malignant lesions within each
imaging protocol, the kinetic parameters were then compared between protocols. Earlier we
noted that according to the qualitative BI-RADS classification of curve shape, malignant lesions
imaged with IPS3 exhibited fewer ,rapid’ and ,washout’ curve types. This finding was further
amplified upon quantitative analysis. Malignant lesions imaged with IPS3 exhibited
significantly lower E; (p< 107), Epeak (p=0.004), SER (p <107%) and longer Tpeak (P =0.003)
than those imaged with IPS1. Compared to malignant lesions imaged with IPS2, malignant
IPS3 lesions also exhibited a lower Ej, Egear, SER and Tpeak, and after the Holm-Bonferroni

correction E; and Epeax remained significant (p <0.001, Table 5.3). Malignant lesions acquired
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with IPS2 also demonstrated a lower SER compared to those acquired with IPS1 (p =0.002), but

otherwise we found no significant difference in the kinetic parameters between IPS1 and IPS2.

Diagnostic Accuracy of Kinetic Parameters Using Different Imaging Protocols

The discrepancies found in the kinetic characteristics of malignant lesions between the three
protocols studied led us to investigate the effect on the diagnostic accuracy of kinetic analysis.
Considering the descriptors ,washout’ and ,plateau’ to be indicative of malignancy, their
sensitivity in IPS1, IPS2 and IPS3 was 88% ( 95% confidence interval (CI) 83%-91%), 93% (CI
85%-97%) and 85% (CI 75%-91%), respectively. The specificity was 41% (CI 33%-50%) in
IPS1, 45% (CI 28%-64%) in IPS2 and 37% (CI 20%-58%) in IPS3. In other words, the
diagnostic accuracy of the Bl RADS descriptors typically used to identify malignant lesions was

reduced in IPS3, although not significantly.

Similarly, ROC analysis of the diagnostic accuracy of the parameters E;, Epear, SER and
Tpeak yielded A, values showing a trend for compromised diagnostic performance in IPS3 (Figure
3). There was a trend for SER to be less useful diagnostically on IPS3 vs. IPS1, while the
diagnostic performance of Epeak Was improved on IPS2 compared to the others. However, these
differences were not statistically significant. The highest A; values for each of IPS3, IPS2 and

IPS1 were 0.64 (Tpeak), 0.68 (E1) and 0.73 (SER), respectively.



O©CoO~NOUAWNE

10

11

12

14

15

16

17

18

19

20

21

22

23

13

DISCUSSION

We set out to evaluate whether kinetic curve data acquired on each of three different MR
imaging protocol/systems (denoted IPS1, IPS2 and IPS3) satisfied two principles pertaining to
the interpretation of DCEMRI kinetic data. The first principle, related to the general curve shape
of malignant lesions (rapid uptake and washout) compared to benign lesions (persistent uptake),
met with uneven success. We found that in the largest database of lesions imaged with the older
IPS1, both of these observations held true: a majority of malignant lesions were classified as
,washout’, while ,persistent’ was the most likely descriptor of benign lesions. Most malignant
lesions imaged with IPS2 were also classified as ,washout’, but only 19% of benign lesions were
classified as ,persistent’. More significantly, using IPS3 less than half of malignant lesion
kinetic curves were classified as ,washout’. Although these differences are certainly important to
recognize and address, the effect on diagnostic accuracy of kinetic parameters was not drastic:
there was a trend for compromised sensitivity and specificity with IPS3, but it was not
statistically significant. In addition, IPS1 had considerably greater number of lesions than the

other two groups, which may affect the results presented here.

The second principle we investigated pertained to the kinetic characteristics of DCIS,
which have been reported to be variable, to overlap with benign lesions and to exhibit marked
differences in uptake and washout compared to IDC. We found that the kinetic variability of
DCIS was validated in the larger IPS1 database, in which DCIS demonstrated 44% ,washout’,
22% ,plateau’ and 34% ,persistent’ curve types—in other words, all curve types were found.

Similarly, DCIS lesions imaged with IPS3 demonstrated 29% ,washout’, 30% ,plateau’ and 41%
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,persistent’ curve types. However, for IPS2 imaged lesions there was less variability, with 62%
(13/21) DCIS classified as ,washout’, 33% as ,plateau’ and only 5% (1/21) as ,persistent’. We
found that the quantitative kinetic parameters of benign and DCIS lesions exhibited overlap in all
three protocol/systems. However, only those DCIS and IDC lesions imaged with IPS1

demonstrated statistically significant differences from one another.

Overall, we have found that the typical kinetic presentation of malignant lesions is not
consistent across different MR systems, which represents a potential clinical problem. For
example, in the follow-up MRI assessment of women undergoing pre-operative neoadjuvant
chemotherapy, our results imply that it is important to perform repeat imaging using the same
system, lest differences due to system choice be mistaken for tumor response. It is important to
note that every effort was taken to try to reproduce similar MR acquisition protocols on these
different systems, particularly for IPS2 and IPS3 which were used concurrently—both were
acquired with fat saturation, similar dynamic timing, parallel imaging and similar T; weighting.
We emphasize that we are not suggesting that MR systems from one manufacturer are preferable
to another. Neither are we challenging the principles outlined in the introduction. Rather, our
results underscore the importance of developing improved standardization procedures[20, 27], so
that all women undergoing breast DCEMRI can be imaged adequately ensuring malignant
lesions will enhance sufficiently and exhibit similar curve shapes. We are currently working on

designing experimental phantoms for this purpose.
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The differences in average kinetic parameters between the three protocol/systems may be
attributable to numerous factors. One may be that kinetic curves were not generated in the same
way for every lesion. Images from lesions imaged with IPS1 were displayed and analyzed using
homemade software, while images from IPS2 and IPS3 were analyzed using a commercially
available CAD system. It should be noted, however, that this significant limitation is applicable
only to comparisons of IPS1 with IPS2 or IPS3. It cannot explain the differences noted between
IPS3 and IPS2 malignant lesions, since DCEMRI data was processed and analyzed in the same
way for both. Specifically, the markedly lower E; and SER, and the smaller fraction of
,washout’ type curves in IPS3 malignant lesions—Iless than half—is likely not attributable to
using a CAD system to analyze kinetic data. The lower initial enhancement percentage and
differences in overall curve shape may be due to other effects, such as fat suppression, parallel
imaging, post-acquisition processing and k-space sampling techniques. It could be that using
contrast concentration rather than signal intensity may help to eliminate inter-system variability.
We are currently exploring these and other potential factors by imaging the same lesion with

different systems and imaging protocols.

There are several limitations to this study. One that was already mentioned is that curve
selection was not performed in a uniform manner for all lesions. Another shortcoming is that the
benign lesions in this study were histologically proven benign cases i.e., they were suspicious
enough to warrant biopsy. It could be that with increased experience over time, the radiologists’
evaluation of borderline benign cases improved, and hence the benign lesions included in IPS2

and IPS3 are even more suspicious that those included in IPS1, resulting in a biased lesion
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population. Also, the reliability of the kinetic parameters Epeak and Tpeak may be compromised
by the several different timing acquisitions used, and by the coarse sampling of kinetic data. On
the other hand, the parameters E; and SER are not as adversely affected by these two concerns
since they depend on signal intensities measured at the initial and last time points, which are at
similar times for all protocols. Finally, we have not evaluated morphology in this study; in order

to assess the full diagnostic accuracy of DCEMRI, morphologic descriptors need to be included.

In summary, this study has demonstrated that in one large database of consisting of
kinetic data from 441 malignant and benign lesions acquired on an older system, the general
principles regarding lesion kinetics presented in the Introduction hold. Unfortunately, they are
not consistently applicable for lesions acquired with other systems: the kinetic curves of
malignant lesions acquired with one newer system exhibited lower initial uptake and fewer
,washout’ type curves compared with the two others. The markedly lower initial enhancement
percentage for lesions acquired with our Philips system, regardless of whether malignant or
benign, is important to note and address. This study underscores the importance of
standardization of DCEMRI acquisition protocols, so that as newer technology is implemented
(1) malignant lesions are sufficiently conspicuous, and (ii) similar interpretation guidelines can be
consistently applied across all systems and protocols. Such standardization will be important if

breast DCEMRI is to be used routinely in patient management.
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APPENDIX

The percent enhancement measures the uptake of contrast in the lesion relative to the pre-
contrast signal level[13],
E, =100 x Si—Sy

S .—S
E_. =100x—2% ~0
S

peak —
0

where E; is the initial percent enhancement, Epeax is the peak percent enhancement, S; is the
signal in the ROI at the first post contrast point, Speax is the peak signal intensity and S is the pre-

contrast signal intensity in the ROI.

The time to peak enhancement (Tyeax) is the time in seconds between the injection of

contrast and the peak of the signal intensity vs. time curve.

The parameter used to quantify washout is the signal enhancement ratio, which is a
measure of the relative signal decrease from the first post contrast time point to the final post
contrast point[28, 29],

SI_SO

SER = .
Sp =S,

last ~

Here, SER is the signal enhancement ratio and Sjast 1S the signal intensity in the ROI at the last
post contrast point. We can use the SER parameter to quantify the washout in the curve by

choosing threshold values. A SER value of less than 0.9 means that the final signal intensity
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increases relative to the first post-contrast point (persistent increase); a SER value between 0.9
and 1.1 indicates the final signal intensity is comparable to the first post-contrast point (plateau);
a SER greater than 1.1 indicates that the final signal intensity decreases relative to the first post-

contrast point (washout).

The SER measures washout relative to the first post contrast point, whereas the BI-
RADS® assessment of delayed phase can involve any part of the kinetic curve. SER values >
1.1 correspond to washout relative to the first post contrast time point. Therefore, any curves
with SER >1.1 that are classified as ,plateau’ or ,persistent’ are inconsistent. SER values
between 0.9 and 1.1 correspond to a plateau relative to the first post contrast time point.
Therefore, any curves with 0.9 < SER < 1.1 that are classified as ,persistent’ are inconsistent.
Note that these curves could be classified as ,washout’—the curve may peak at the second post
contrast point, for example, and washout from then on, but still plateau relative to the first post
contrast time point. SER values < 0.9 correspond to a persistent increase relative to the first post
contrast time point. Note that these curves could be classified as ,plateau’ or ,washout’ as well,

depending on the curve data at other time points.
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FIGURE CAPTIONS

Fig. 1—Examples of IDC lesions (white arrow) acquired with IPS1 (top), IPS2 (middle) and
IPS3 (bottom). Adjacent to each MR image is the corresponding kinetic curve with quantitative

kinetic parameters noted.

Fig. 2—The BI-RADS descriptors of initial rise (left) and delayed phase (right) for malignant

lesions acquired with IPS1, IPS2 or IPS3.

Fig. 3—Area under the curve (A,) values for the four kinetic parameters used in this study, E;,
Epeak, SER and Tpeak. For each parameter, three A, values are presented for IPS1, IPS2 and IPS3.

Error bars indicate 95% confidence interval.
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Table 1: Summary of the three different MR systems and protocols used at our institution.

Imaging protocol

and system 1

Imaging protocol
and system 2

Imaging protocol

and system 3

(IPS1) (IPS2) (IPS3)

Do oo
Magnet I.ST GE .1.5T GE 1.5T Philips

Genesis Signa Signa Excite Achieva
Number of Coil channels 4 8 7
Acquisition plane Coronal Axial Axial
Pulse sequence 3D SPGR 3D FGRE 3D FFE
TR/TE (ms) 7.7/4.2 4.3/2.0 7.9/3.9
Flip angle (degree) 30 10 10
Slice thickness (mm) 3.00 2.00 2.00
In plane resolution (mm) 1.4 0.82 0.94
Temporal resolution (s) 68 58 55
# of post-contrast 3or5 4or6 4o0r6”
Fat suppression (y/n) n y y
Parallel imaging (y/n) n y y

* The first post-contrast acquisition was started 20 seconds after contrast injection and the first two post-contrast
images were acquired every 68 seconds. For the five point dynamic protocol, the remaining three images were
acquired with 68 second resolution. For the three point dynamic protocol, the first two post-contrast acquisitions
were followed by acquisition of high spatial resolution sagittal images for 128 seconds, and returning to a final

dynamic, 68 second, acquisition.

** For both IPS2 (or IPS3), the first post-contrast acquisition was again started 20 seconds after contrast injection
and the first three post-contrast images were acquired every 58 (or 55) seconds. For the six point dynamic protocol,
the remaining three images were acquired with 58 (or 55) second resolution. For the four point dynamic protocol,
the first two post-contrast acquisitions were followed by acquisition of high spatial resolution sagittal images and

returning to a final dynamic acquisition.
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Table 2: The BI-RADS descriptors of initial rise and delayed phase for benign and malignant
lesions acquired with the three protocols, as well as data from two subtypes of malignant lesions,
DCIS and IDC. The p values comparing proportions of washout vs. plateau and persistent in
benign and malignant lesions are also indicated.
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Initial Rise

Delayed Phase

Type of lesions

No. cases

Rapid

Medium

Slow

Washout

Plateau

Persistent

p value

IPS1

Benign

137

75(55%) 25(18%) 37(27%) 42(31%) 39(28%) 56(41%)

All Malignant

304

270(89%)  22(7%)

12(4%) 202(66%) 64(21%) 38(13%)

p <0.0001

DCIS

62

43

12

27

14

21

IDC

185

177

137

36

12

Other

57

50

38

14

IPS2

Benign

21

18(86%)

3(14%)

0(0%)

6(29%)

11(52%)

4(19%)

All Malignant

107

98(92%)

7(7%)

2(2%)

74(69%)

25(23%)

8(7%)

p =0.001

DCIS

21

16

13

IDC

72

70

54

14

Other

14

12

IPS3

Benign

27

20(74%)

3(11%)

4(15%)

3(11%)

14(52%)

10(37%)

All Malignant

86

70(81%)

13(15%)

3(3%)

38(44%)

35(41%)

13(15%)

p=0.004

DCIS

17

11

IDC

64

55

30

29

Other
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Table 3: The quantitative kinetic parameters of benign and malignant lesions acquired with the

22

three protocols. This table also includes data from two subtypes of malignant lesions, DCIS and

IDC.

Type of lesions No. E1l Epeak Tpeax SER
(1)
cases (%) (%) (sec)

Benign 137  204+158 302+192 233+107 0.76+0.36
— | All Malignant 304 286+158 330+155 165105 1.07+0.48
£

DCIS 62 194£138 2524147 2224108 0.89+0.44

IDC 185  313+151 352+149 144498 1.15+0.50

Benign 21 163+£78 221482 198+102 0.81+0.23
~ All Malignant 107  245+214 301+213 178+126 0.94+0.32
£

DCIS 21 219+189 269+197 209+201 0.97+0.31

IDC 72 2644236 3194232 160+96 0.97+0.33

Benign 27 61+38  149+56 251+110 0.45+0.28
e | All Malignant 86  122+281 213+356 211100 0.57+0.33
£

DCIS 17 1194204 187£192 241+£125 0.62+0.45

IDC 64 1254309 223+401 203491 0.56+0.26
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
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39
40
41
42
43
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1
1
2
3
4
> X-ray fluorescence microscopy and DCEMRI of murine
! ductal carcinomain situ reveals gadolinium uptake within
9 neoplastic mammary ducts
10
11
12
ﬁ Original Research
15
16
g Advancesin Knowledge:
19
20
21 1. This study represents the first functional characterization of murine DCIS viaDCEMRI.
22 We have demonstrated that despite its small size, murine DCIS can be reliably imaged with
gi MRI. Post-imaging tissue harvesting followed by histology confirmed the presence of DCIS.
32 2. Elemental mapping of the samples by X-ray fluorescence microscopy as well asin vivo
27 DCEMRI of murine DCIS both independently demonstrate gadolinium uptake along and inside
28 ducts with DCIS. Presence of gadolinium in the duct lumen of DCIS provides an important new
29 insight into the reason for contrast enhancement of DCIS lesions on clinical DCEMRI of the
32 breast. Perhaps the basement membranes of neoplastic mammary ducts are leaky and allow for
32 diffusion of gadolinium inside. This discovery opens up new possibilities for pre-clinical
33 studies of early breast cancer.
34
35 3. Two main findings of this study are the high extra-vascular extra-cellular space fraction (ve) of
36 DCIS and the fact that gadolinium is present in high concentrations inside mammary ducts.
g; These findings help to explain the presentation of DCIS on clinical DCEMRI exams. non-mass-
39 like enhancement, in a ductal/segmental distribution, and kinetic curves that are often ‘ persistent’
40 or ‘plateau’ in shape.
41
fé Implications for Patient Care:
44
45 1. Understanding the uptake of gadolinium in mammary ducts may lead to improvementsin
46 imaging methods, mathematical modeling of kinetic data and interpretation of DCEMRI. For
a7 example, our results indicate that the two-compartment pharmacokinetic model of blood plasma
jg vs. extravascular extracellular space may not be valid for modeling the kinetics of DCIS, since
50 contrast exchange with mammary ducts represents a third compartment.
51
52 2. Leakiness of the duct basement membrane may prove to be amarker for DCIS lesions that are
53 likely to become invasive, which could lead to improvements in the clinical management of
54 DCIS.
55
56
57
58
59
60
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ABSTRACT

Purpose: Although dynamic contrast enhanced MR imaging (DCEMRI) can detect ductal
carcinomain situ (DCIS) breast cancers after injection of a gadolinium (Gd) chelate, the
underlying physiological basis of Gd uptake is not clear. Our purpose was to combine DCEMRI
with X-ray fluorescence microscopy (XFM) of mammary gland tissue samples from C3(1) Sv40

Tag transgenic mice to identify the spatial distribution of Gd following IV injection.

Materialsand Methods: C3(1) Sv40 Tag transgenic mice (n=23) were studied with IACUC
compliance. DCEMRI was obtained on 12 mice after injection of Gd-DTPA, and Gd
concentration vs. time curves were fit to a two-compartment pharmacokinetic model (with
parameters Kyans , Ve). Eleven mice were injected with Gd-DTPA, sacrificed after 2 minutes, and
frozen sections containing ducts distended with murine DCIS were prepared for XFM.
Elemental concentrations of Gd were determined in and around the ducts with DCIS. H&E

sections of mammary tissues were obtained following DCEMRI or XFM.

Results: Ducts containing DCIS were unambiguously identified in MR images. DCEMRI
demonstrated contrast uptake along the length of ducts with DCIS, with average

K rans=0.21+0.14(min™) and ve=0.40+0.16. Interestingly, XFM demonstrated Gd uptake inside
ducts with DCIS, with an average concentration of 0.475+0.380mM, which was comparable to

thein vivo DCEMRI vaue of 0.30 + 0.13mM.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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Conclusion: Our results provide a new insight into the physiological basis of contrast

enhancement of DCIS lesions on DCEMRI: Gd penetrates and collects inside neoplastic ducts.

©CoO~NOUITA,WNPE

10 Understanding the uptake of Gd in mammary ducts may lead to improvements in imaging

12 methods, mathematical modeling of kinetic data and interpretation of DCEMRI.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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INTRODUCTION

Dynamic contrast enhanced magnetic resonance imaging (DCEMRI) has demonstrated
equal or superior sensitivity and specificity at detecting early invasive cancers compared with X-
ray mammography (1). However, this has not been consistently demonstrated for ductal
carcinomain situ (DCIS), anon-obligate precursor to invasive breast cancer, in which cancer
cellsare still confined by the basement membrane of mammary ducts. Because DCISisthe
earliest stage of breast cancer with the best prognosis, it is likely that further improvementsin
detecting breast cancers at a preinvasive stage may improve patient outcomes. Some reports
have found decreased diagnostic accuracy of DCEMRI for DCIS(2, 3), while others have found
comparable or even higher performance compared with x-ray mammography (4, 5). The
sensitivity of DCEMRI for DCIS may be compromised if the lesion either does not exhibit
sufficient contrast uptake or if it is obscured by strongly enhancing parenchyma (6, 7). Even
when DCIS is detected by DCEMRI, it can be misidentified due to (i) morphology: the
characteristic nonmass-like enhancement of DCIS could be mistaken for enhancing normal
parenchyma, and (ii) kinetics: DCIS often exhibits ‘ plateau’ or ‘persistent’ kinetic curve types,
which are not typical of malignant lesions (8). Thus, thereisaclinical need to improve the

diagnostic accuracy of DCEMRI for DCIS (9).

A better understanding of the mechanism of contrast enhancement of DCIS may be
helpful for improving quantitative analysis of DCEMRI data, and thus for increasing both
sensitivity and specificity. Invasive tumors demonstrate uptake of the gadolinium (Gd) chelates

used as MR contrast agents due to their dense and leaky neovasculature. Contrast enhancement

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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kinetics are often modeled as contrast exchange between two physiologic compartments, the
vascular and extra-cellular extra-vascular space within the tumor (10). However, DCIS lesions
are not always associated with dense vasculature especialy at their early stages, and thus the
mechanism of distribution of Gd is not well understood. In particular, it is unknown whether Gd

penetrates the basement membrane to enter mammary ducts distended with DCIS.

Unfortunately, it is difficult to perform direct and detailed measurements of Gd
concentrationsin DCIS lesions in women. Thus, the purpose of this research wasto use a
transgenic mouse model of breast cancer (C3(1) Sv40 Tag transgenic mice) with anatural history
that is similar to that of human disease to investigate the distribution of Gd in DCIS.

Specificaly, our study involved (i) performing in vivo DCEMRI of murine DCIS and (ii) using
X-ray fluorescence microscopy (XFM) to visualize the spatial distribution of Gd in murine DCIS

with spatia resolution of afew microns.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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MATERIALSAND METHODS

Animals

The C3(1) SV40 large T antigen (Tag) mouse model was used in this study. Female
mice develop spontaneous, orthotopic mammary cancer that resembles human ductal carcinoma,
including progression through atypical ductal hyperplasia (~8 weeks), DCIS (~12 weeks), and
invasive ducta carcinoma (IDC) (~16 weeks)(11). A total of 23 SV40 Tag mice were selected
for this study: (i) 12 for in vivo MR imaging, and (ii) 11 for X-ray fluorescence microscopy
(XFM). All procedures were carried out in accordance with our institution’s Animal Care and

Use Committee approval .

MRI Experiments

Imaging was performed with a Bruker 4.7 Tesla magnet equipped with a self-shielded
gradient set that delivers maximum gradient strength of 20 gauss/‘cm. A homebuilt 8-leg low
pass half-open birdcage coil (3.0 cm length x 3.0 cm width x 2.0 cm height) (12) was used for in
vivo imaging. Multi-slice axia gradient echo (GRE) images (TR/TE= 675/7 ms, FOV=3.0 x 3.0
cm, NEX=2, dlice thickness=0.5mm, #slices=42, in-plane resolution=117 microns and flip
angle=30°) with fat suppression were acquired to localize lesions, as prior work has
demonstrated that early murine mammary cancers can be reliably detected in noncontrast GRE
images (13). Subsequently, DCEMRI of three slices around the lesion were obtained (TR/TE =
30/3.5 ms, dlice thickness = 1.0 mm, in-plane resolution = 256 microns, flip angle=20°).

Baseline images (n= 5) were acquired before contrast injection and 128 images were acquired

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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post-contrast injection so that contrast uptake and washout was followed for atotal of 8.2

minutes.

©CoO~NOUITA,WNPE

12 Animals were anesthetized prior to imaging experiments, and anesthesia was maintained
during imaging a 1.5% isoflorane. The temperature, heart rate and respiration rate were

17 monitored and the respiration rate was used to obtain gated images. A 249 angiocatheter was
19 implanted into the tail vein for the injection of 0.2cc of 0.0184M Gadodiamide (Ominscan,

Nycomed-Amercham, Princeton NJ).

26 Histologic Evaluation

29 Hematoxylin and eosin (H& E) stained sections of the imaged mammary glands were

31 obtained (5-micron thick H& E sections every 50 microns) and evaluated by a breast and mouse
mammary gland pathologist with over 20 years of experience. Intramammary lymph nodes,

36 invasive tumors and ducts distended with DCIS with diameters greater than 300 microns were
38 identified and used as the gold standard. MR images were correlated with H& E sections using
an agar grid as detailed in prior work (13) in order to identify DCIS, invasive tumors, lymph

43 nodes and areas of normal mammary gland (NMG) on the images.

48 DCEMRI Analysis
50 All data analysis was performed using software written in IDL (Research Systems, Inc.,
52 Boulder, CO). A simple two-compartment model (TCM) of blood plasma vs. extravascul ar

55 extracellular space (EES), was used to describe the distribution of Gadodiamide after bolus

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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injection. Specifically, the model predicts the change in contrast concentration in the tissue C(t)

asfollows:

dC(t rans

E ke, 0-com), 1]
where K" (min') is the volume transfer constant between blood plasma and EES, v is the

volume of EES per unit volume of tissue and Cy(t) is the contrast concentration in blood plasma
(calculated using a ‘reference tissue approach’ (14). C(t) curves were generated for several
ROI's. DCIS, invasive tumors, lymph nodes, muscle and normal mammary gland (NMG). To
determine how well the TCM fit the ROI concentration curves, the goodness of fit parameter R
was used, with R? > 0.7 indicating a good fit. Further details on thismodel and analysis can be
found in the Appendix. In addition, the average contrast concentration at 2 minutes was

calculated for DCIS lesions for comparison with X-ray fluorescence microscopy measurements.

X-ray fluor escence microscopy (XFM)

Ten mice between 12-14 weeks of age were injected with 0.2cc of 0.0184 M
Gadodiamide and sacrificed 2 minutes after injection. Inguinal mammary glands were
immediately excised, placed in plastic molds with OCT compound embedding medium (Miles,
Inc. Diagnostic Division, Elkhart, IN) and frozen in liquid nitrogen. In addition, one mouse was
injected with 0.2cc of saline to serve as a control. Frozen sections (7 microns thick) of portions
of mammary glands with DCIS, lymph nodes or tumors were mounted on silicon nitride
windows (area, 3.0 x 3.0 mm; thickness, 200 nm, Silson, Blisworth, U.K.). Adjacent H&E
sections were acquired to aid in lesion identification. Specimens were imaged with the scanning

X-ray microprobe at beamline 2-1D-E at the Advanced Photon Source (Argonne, IL). Specimens

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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were raster-scanned by 10 keV incident x-raysin steps of 3.0 -5.0 um, and fluorescence spectra

were collected for 1- to 2-sec dwell times.

Elemental Concentrationsfrom XFM

Image processing and elemental concentration analysis was performed with MAPS
software(15). The fluorescence spectra were converted from counts to a two-dimensional
concentration in micrograms per square centimeter by fitting against the spectra derived from
thin-film standards NBS-1832 and NBS-1833 (National Bureau of Standards, Gaithersburg,
MD). Two-dimensional concentrations were converted to three-dimensional concentration in
millimolar (mM) by using the thickness of each section (7 microns) and the molecular weight of
Gd (157.3 g/mal). Elemental concentration maps were derived for severa el ements according to
their Ka or L characteristic X-ray fluorescence. In this study, we show phosphorus (P), iron (Fe)
and Gd data. Phosphorus concentration maps are often used to locate cell nuclei, and were used
along with adjacent H& E sections to determine cellularity and locate mammary ducts, lymph
nodes and tumors. lron concentration maps can serve as potential indicators of the location of
blood cells/vessels. We used the phosphorous concentration maps to draw ROI’ s in which the
concentration of Gd was quantified: (i) ducts with DCIS, (ii) lymph nodes, and (iii) invasive

tumors.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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RESULTS

DCEMRI of MurineDCIS

We found that DCIS lesions and early invasive tumors appeared in noncontrast GRE
images clearly against a darker background of mammary glandular tissue/fat (Figure 1). H&E
stained sections were obtained from the inguinal glands of all 12 mice selected for in vivo MR
imaging. Based on histologic review, there were 11 lymph nodes, 1 large (~5mm) tumor, 8
small non-palpable tumors ~0.5-3 mm in size, and 15 ducts distended with DCIS greater than
300 microns in diameter, which were clearly visualized and accurately segmented from

surrounding tissue for accurate measurements of contrast mediakinetics.

DCEMRI data was analyzed on 9 ducts with DCIS, 3 tumors, 11 lymph nodes, 12 back
muscles and 10 norma mammary gland areas (Figure 1). Interestingly, DCIS lesions exhibited
contrast uptake along the duct. Signal intensities were converted to Gadodiamide concentration,
which is equivalent to Gd concentration. The average Gd concentration measured by DCEMRI
in DCISlesions at 2 minuteswas 0.30 + 0.13 mM. The TCM modd fit most of the C(t) curves
well, but was a poor model (R? < 0.7) for 3/9 DCIS and 2/11 lymph nodes (Figure 2). DCIS
lesions adequately fit by the TCM exhibited awide range of kinetic curve shapes (Figure 2) and
corresponding K" and v, values. The TCM was particularly compromised in the normal
mammary gland: only 4/10 curves were fit well. Thisislikely due to the poor contrast uptake in

many normal mammary gland areas.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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For those curves that were adequately fit by the TCM, the values of K™ and vewere

trans
K

compared. There was considerable overlap in the values of and ve in DCIS lesions,

invasive tumors and lymph nodes (Table 1). Therewas atrend for DCIS lesions to have lower

K" compared with lymph nodes and tumors. TCM parameters for back muscle clustered near

K" = 0.11 min™ and ve = 0.20, while normal mammary gland areas demonstrated considerably
lower K" and v values compared to DCIS, lymph nodes and tumors (Table 1). Interestingly,

the ve values were quite high in DCIS and tumors.

XFM of Gadolinium

The results from DCEMRI of murine DCIS suggested contrast uptake along ducts
distended with DCIS. In order to examine thisin more detail, we turned to XFM to visualize the
gpatia distribution of Gd in mouse mammary glands with DCIS with micron resolution.
Elementa concentration maps of Gd, Fe, P and other elements were obtained for sections of
mammary glands containing: ducts distended with DCIS (n=26), lymph nodes (n=2) and tumor
(n=1). For mice that had been injected with Gadodiamide, Gd was detected in the regions
outside of neoplastic ducts, which in genera may be comprised of fat, stroma, normal ducts or
blood vessels. Interestingly, XFM also revealed Gd uptake in tumors, lymph nodes and inside
ducts distended with DCIS. The average concentration of Gd inside ducts by XFM was 0.475+
0.380 mM (Table 2). Gd uptake within ducts was demonstrated both for larger ducts distended
to afew hundred microns (Figure 3aand 3b), aswell as smaller ducts with DCIS approximately
100 micronsin size (Figure 3c). On the other hand, Fe was not strongly present within the

mammary ducts, suggesting that no red blood cells accumulated inside the ducts and implying

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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that Gd diffuses from blood vesselsinto ducts with DCIS. Lymph nodes and atumor aso

exhibited comparable concentrations of Gd asin DCIS.

Closer examination of the variation of Gd concentration within ducts revealed a
heterogeneous distribution. Thisisillustrated well in one sample where aduct distended with
DCIS to 300 microns had been sectioned longitudinally (Figure 4aand 4b). Gd concentration
was highest around the cancer cells near the duct/stroma interface, then decreased around the
cells further into the duct, but collected once again in the lumen. A possible explanation for this
could be that Gd diffuses into the duct from the surrounding stroma, then collects and distributes

in the larger unobstructed volume of the duct lumen.

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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DISCUSSION

Using a transgenic mouse model of breast cancer to investigate contrast
enhancement of DCIS on clinical DCEMRI of the breast, we have shown via two
independent routes—DCEMRI and XFM—that after injection with Gadodiamidethereis
evidencefor Gd uptakeinside ducts distended with murine DCIS. Furthermore, these two
complementary methods yielded similar values for the concentration of Gd inside mammary
ducts at 2 minutes: 0.475 mM from XFM, and 0.30 mM from DCEMRI. Inthe DCEMRI data,
cancer containing ducts were fairly effectively isolated from surrounding tissue, but there may
have been some partial volume effects due to slice thickness. However, the XFM demonstrated
that Gd penetrates inside ducts with DCIS. Thisisanew insight into the physiologic basis for

contrast enhancement of these lesions.

Several other groups have investigated the distribution of gadolinium in tissue or cells,
often using X-ray fluorescence spectroscopy. Gilbert et al found Gd uptake in glioblastomacells
after exposure to Gd-DTPA both in vitro and in vivo, for the purposes of neutron capture therapy
(16, 17). The uptake of Gd by tissuesis of particular recent interest given concern that uptake of
dissociated Gd by the kidney can result in nephrogenic systemic fibrosis (18). It wasnot clear in
our study whether the Gd detected by XFM in tissue remained chelated (as Gd-DTPA) or had
dissociated from the chelate. Future work using X-ray absorption spectroscopy will be

performed to investigate the chel ation-state of the Gd detected inside ducts. In addition, XFM of

Prudential Tower, 800 Boylston Street, 15th Floor, Boston, MA 02199
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single cancer cells should be performed to determine whether Gd penetrated inside cells, as has

been done elsewhere in the context of following targeted nanoparticles (19, 20).

Our study represents the first functional characterization of murine DCIS viaDCEMRI,
which has an advantage compared to its human counterpart: ducts with DCIS can be clearly
visualized without contrast injection, and thus an ROI can be placed directly on the neoplastic
duct to more accurately measure its kinetic parameters, minimizing the partial voluming that
complicates human kinetic data. We found the v, of DCIS was relatively high compared to other
reports of rodent tumors, which are usually large and at an advanced stage (21, 22). The XFM
observation of Gd penetration and accumulation in the lumen of neoplastic mammary ductsis
consistent with ahigher ve. However, it also implies that the two-compartment model, which is
widely used to model contrast kineticsin cancers (23), may not be valid for DCIS, since contrast
exchange into mammary ducts represents athird compartment. Thus, for accurate physiologic
modeling the path that Gd takes from blood vessels to mammary ducts needs elucidation. A
likely explanation of the mechanism underlying our findingsis that Gd diffuses out of capillaries
into the extra-ductal space, reaches leaky duct basement membranes and collects in the duct
lumen. The variable kinetic curve shapes of DCIS found in this study (Figure 2) can yield
insights into the heterogeneous physiology of DCIS and surrounding tissue; the distance of blood
vessals to the ducts, the permeability of the basement membranes and the volume of duct lumen
available for Gd accumulation, are physiologic factors that can directly impact the contrast

enhancement kinetic curves of these lesions.
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We can trangdlate the murine results to women if we assume certain physiological
similarities between mammary glands across species, in particular that the permeability of the
mammary duct basement membranes to gadolinium is similar in both species. This permeability
needs further exploration—it may be due to protease secretion by cancer cells, and could prove
to be amarker for DCIS lesions that are likely to become invasive, perhaps leading to
improvements in the clinical management of DCIS. The average concentration of Gd in ducts
measured in our study was high enough to be a significant source of measured MR signal in
clinical DCEMRI. Thismay in part explain the typical morphology of DCIS lesions on clinical
DCEMRI: nonmass like enhancement, in a segmental/linear/ductal distribution (4, 8, 24). In
addition, the higher ve of DCIS, and the likely longer timescale of Gd exchange into and out of

ducts may explain the persistent and plateau curve types often found for DCIS(24-28) .

There are several limitations to this study. First, because of the small lesion size, the C(t)
curves were subject to noise and motion artifacts, potentially compromising the TCM fits.
Second, although samples were prepared for XFM according to accepted methods for studying
low-molecular weight injected agents, diffusion of gadolinium in the sample was possible. Itis
worth noting, however, that air-drying and freeze-drying of tissue sections for XFM gave amost
identical Gd distribution patterns (data not shown). Therefore, while some Gd “motion” in
samples may be expected due to sample preparation, it islikely not visible at the resolutions used
in these studies (3-5um step scans). Finally, pathologic evaluation of the entire specimen was
not performed to determine whether the ducts imaged were pure DCIS, or whether microinvasion

in other sections was present which could be the entry point of the Gd. However, several smaller
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ducts with DCIS, in which microinvasion was not likely, also exhibited contrast uptake (Figure

3c and data not shown).

Practical Applications. Understanding the uptake of Gd by mammary ducts may help to
improve the sensitivity and specificity of DCEMRI by improved interpretation and modeling of
existing data, and in designing new acquisition techniques targeted for DCIS. For example,
clinical DCEMRI data from patients has relatively coarse spatial resolution, and individual
voxels may contain DCIS and blood vessels. One could decompose C(t) for DCIS voxelsinto a
fast component (representing blood vessels) and a slow component with alarge ve (representing

Gd in ducts).

We have presented a general approach to use mouse models of breast cancer to better
understand DCIS in women. Prior work has demonstrated that MRI provides excellent
morphologic evaluation of early murine mammary cancers (13). We have now used DCEMRI
to perform the first functional characterization of the contrast kinetics of murine DCIS, and,
along with XFM, have demonstrated contrast uptake inside and along neoplastic mammary
ducts. In future work, we plan to use serial MR imaging to characterize both the morphologic
and functional changes that occur during the development and progression of DCIS into invasive

carcinoma.
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APPENDI X: Two compartment modeling of contrast media kinetics,

Calculating Contrast Concentration: Signal intensity S(t) vs. time curves were generated in
several regions of interest (ROI): DCIS, invasive tumor, intramammary lymph node, back
muscle and NMG. By assuming that signal intensity isalinear function of T, and that TR <<Tj,,
these values can be converted to concentration C(t) as afunction of time, using

1 S(t)-S(0)
Rl ’ Tl(muscle) Smuscle(o)

C(t) = [2]

Here, Ry =4.3 mM s isthe longitudinal relaxivity of the Gadodiamide, T1(musig= 1.285 seconds
at 4.7 T and Spusie(0) isthe signal intensity in an ROI drawn in the back muscle before contrast
injection. The selected ROI’s were much smaller than the coil and the B1 field was assumed to
be uniform over the selected areas, based on prior phantom experiments. All datawas

normalized to the injected dose, to alow for more accurate comparisons between mice.

Calculating Arterial Input Function: To calculate Cy(t), the contrast concentration Cruscie(t) in
normal muscle was first calculated and fit to an empirical mathematical model (29).
Using published values for Gadodiamide of K" and v, for muscle (0.11 min™ and 0.2,

respectively (14)), Equation [1] was used to obtain the input function.

Data Analysis: Using software written in IDL (Research Systems, Inc., Boulder, CO).C(t) curves
for DCIS, invasive tumors, lymph nodes, muscle and NMG werefit to Equation [1] using a

golden section search in two dimensions, and the parameters of best fit (K™, vo) were
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determined. To determine how well the TCM fit the ROI concentration curves, the parameter R?
was used

R? 21,0 Seror [3]
ss

tota I

where SSqror IS the sum of the squares of the distances of the experimental points from the best-
fit curve determined, and SSi4 IS the sum of the square of the distances of the experimental
points from a horizontal line through the mean of all values. When R? equals 0.0 the best-fit
curve fits the data no better than a horizontal line going through the mean of all values. When R?
equals 1.0 al experimental data points lie exactly on the best-fit curve. If R? < 0.7 the TCM was

considered to not adequately fit the concentration curves.
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Table 1: Vaues of K™ and ve in various ROI’s. Data shown are average + standard deviation,
and are calculated only for those curves that were fit well by the TCM (R? > 0.7).

Regionof No.cases AverageROlI  No. casesfit well K"@(min™) Ve
I nter est volume (mm?®)

DCIS 9 0.10+ 0.06 6 0.21+0.14 0.40+0.16
Tumor 3 0.26 +£0.19 3 0.36+0.05 0.62+0.18
Lymph 11 0.11+ 0.03 9 0.38:0.23 0.51+0.17
node
Back 12 0.84 + 0.25 12 0.11:0.014  0.21:0.034
Muscle
Nor mal
Mammary 10 0.25+0.11 4 0.084+0.037 0.21+0.16
Gland
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Table 2: Concentration of gadolinium in various regions of interest. The average measured
concentration of Gd inside ducts by XFM was 0.486+ 0.380 mM. In comparison, for those mice
that had been injected with only saline as a control, the average concentration of Gd inside ducts
with DCIS was 0.011 + 0.004 mM, approximately 50 times lower than for those mice injected
with Gadodiamide. This seemingly high concentration of background Gd is likely due to
considerable overlap of the Gd L peak with the Fe K peak. It should thus be thought of asa
measurement error, which when subtracted from the measured values reduces slightly the
average concentration of Gd in ducts from 0.486 mM to 0.475 mM.

Region of Interest No. Measured Gd Gd concentration
cases concentration adjusted for background

(mM) (mM)

Inside ductswith DCIS (mice 4 0.011+0.004 _

injected with saline as control)

Inside ductswith DCI'S (mice 22 0.486+0.380 0.475+0.380

injected with Gadodiamide)

Intramammary lymph node 2 0.376 0.365

Tumor 1 0.226 0.215
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CAPTIONSFOR ILLUSTRATIONS

Figure 1: Left. Axia gradient echo images with fat suppression representing cross-sectional
slices through the mammary glands of three mice, demonstrating a) normal mammary gland
(darker area outlined in white), b) intramammary lymph node (arrowhead), b) DCIS (thin arrow),
and c) tumor (thick arrow). Thedisplay FOV is 3.0 x 2.0 cm. The lymph node, DCIS and tumor
appear clearly against adarker background of the norma mammary gland. Right. Concentration
curves C(t) and two compartment model (TCM) fitsfor ROI’s @ norma mammary gland, b)
lymph node, ¢) DCIS and d) tumor are shown in black. In each of a)-d), the grey curve
represents the concentration curve in an ROI drawn on the back muscle, for comparison. All

plots are scaled from -0.1 mM — 0.6 mM.

Figure 2: Examples of concentration curves (points) and corresponding two-compartment model
(TCM) fits (solid lines) from three DCIS lesions. In the black and red curves, the concentration
curves were fit well by the TCM. However, the concentration curve in blue was not adequately

fit by the TCM, possibly due to the high noise level.

Figure 3: Examples of XFM of the cross section of ducts with DCIS, indicated in the H& E
sections on the left. For a)-c) the concentration maps from left to right are of phosphorus (P),
iron (Fe) and gadolinium (Gd). On the rainbow scale, blue indicates lower, green higher and red
highest concentrations. For each element, the images are all windowed similarly: P, 0-15
ng/cm? Fe, 0-0.7 pg/cm? Gd, 0-0.1 ug/cm? (which is equivalent to 0.91 mM per pixel). Inall,

Gd uptake is demonstrated within the duct. In the Fe map of b) white arrows point to alonger
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than wide structure with higher Fe concentrations that could be ablood vessel. The Gd mapin
b) also demonstrates higher concentrations in this region, which could imply Gd presencein
blood vessdls, although due to the overlap of the Gd-L and Fe- K fluorescence peaksthisis

difficult to conclude definitively.

Figure 4: XFM concentration maps demonstrating the heterogeneity of Gd distribution in a duct
with DCIS. The light micrograph in a) demonstrates a duct with DCIS sectioned longitudinally,
outlined in yellow on the left. On the right, three portions of the same duct are outlined for
which subsequent elemental concentration maps are displayed in b)-d). The concentration maps
from left to right are of phosphorus (P), iron (Fe) and gadolinium (Gd). For each element, the
images are all windowed similarly: P, 0-15 pg/cm? Fe, 0-0.7 pg/cm? Gd, 0-0.1 ug/cm? (which is
equivaent to 0.91 mM per pixel). In b) Gd uptake is demonstrated within the duct; this portion
of the duct contains densely packed cancer cells, and the lumen is not visible. In c) we have
zoomed into a segment of the duct, and find that Gd concentration is higher near the basement
membrane (green arrow) than closer to the center of the duct (blue arrow). Further down the
duct, a portion of the duct lumen isvisible in d) demonstrating increased Gd concentration in the

lumen.
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47 Left. Axial gradient echo images with fat suppression representing cross-sectional slices through the
mammary glands of three mice, demonstrating a) normal mammary gland (darker area outlined in
white), b) intramammary lymph node (arrowhead), b) DCIS (thin arrow), and c) tumor (thick
49 arrow). The display FOV is 3.0 x 2.0 cm. The lymph node, DCIS and tumor appear clearly against a

50 darker background of the normal mammary gland. Right. Concentration curves C(t) and two

51 compartment model (TCM) fits for ROI's a) normal mammary gland, b) lymph node, c) DCIS and d)
52 tumor are shown in black. In each of a)-d), the grey curve represents the concentration curve in an
53 ROI drawn on the back muscle, for comparison. All plots are scaled from -0.1 mM O 0.6 mM.
54 48x66mm (300 x 300 DPI)
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Examples of concentration curves (points) and corresponding two-compartment model (TCM) fits
(solid lines) from three DCIS lesions. In the black and red curves, the concentration curves were fit
well by the TCM. However, the concentration curve in blue was not adequately fit by the TCM,
possibly due to the high noise level.
80x61mm (300 x 300 DPI)
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Examples of XFM of the cross section of ducts with DCIS, indicated in the H&E sections on the left.

35 For a)-c) the concentration maps from left to right are of phosphorus (P), iron (Fe) and gadolinium

36 (Gd). On the rainbow scale, blue indicates lower, green higher and red highest concentrations. For

37 each element, the images are all windowed similarly: P, 0-15 ug/cm2; Fe, 0-0.7 pg/cm2; Gd, 0-0.1

38 ng/cm2 (which is equivalent to 0.91 mM per pixel). In all, Gd uptake is demonstrated within the

39 duct. In the Fe map of b) white arrows point to a longer than wide structure with higher Fe

40 concentrations that could be a blood vessel. The Gd map in b) also demonstrates higher

41 concentrations in this region, which could imply Gd presence in blood vessels, although due to the
overlap of the Gd-L and Fe- K fluorescence peaks this is difficult to conclude definitively.

42 85x66mm (300 x 300 DPI)
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XFM concentration maps demonstrating the heterogeneity of Gd distribution in a duct with DCIS.
The light micrograph in a) demonstrates a duct with DCIS sectioned longitudinally, outlined in
yellow on the left. On the right, three portions of the same duct are outlined for which subsequent
elemental concentration maps are displayed in b)-d). The concentration maps from left to right are
of phosphorus (P), iron (Fe) and gadolinium (Gd). For each element, the images are all windowed
similarly: P, 0-15 pg/cm2; Fe, 0-0.7 ug/cm2; Gd, 0-0.1 pg/cm2 (which is equivalent to 0.91 mM per
pixel). In b) Gd uptake is demonstrated within the duct; this portion of the duct contains densely
packed cancer cells, and the lumen is not visible. In c) we have zoomed into a segment of the duct,
and find that Gd concentration is higher near the basement membrane (green arrow) than closer to
the center of the duct (blue arrow). Further down the duct, a portion of the duct lumen is visible in
d) demonstrating increased Gd concentration in the lumen.
54x66mm (300 x 300 DPI)
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ABSTRACT

Objective: To compare the pathologic and kinetic characteristics of lesions with focus, mass and
nonmass-like enhancement.

Subjects and Methods: 457 MR detected breast lesions in 401 patients were selected for an IRB
approved review. Dynamic MR protocol: 1 pre and 3 or 5 post-contrast images acquired in the
coronal plane. An experienced radiologist classified the type of enhancement according to the
BI-RADS lexicon (mass, non-mass or focus) and generated a kinetic curve by tracing a region of
interest around the most enhancing part of the lesion. Several quantitative parameters were
derived from the curve including the initial enhancement percentage (E;), time to peak
enhancement (T peax) and signal enhancement ratio (SER, a measure of signal washout). These
parameters were compared between malignant and benign lesions within each morphologic type.
Results: 300 lesions were classified as mass (213 malignant and 87 benign), 140 as honmass
(106 malignant and 34 benign) and 27 as focus (6 malignant and 21 benign). Most common
pathology of malignant/benign lesions: for mass, invasive ductal carcinoma/fibroadenoma; for
nonmass, ductal carcinoma in situ (DCIS)/fibrocystic change(FCC); for focus, DCIS/FCC.
Benign mass lesions exhibited significantly lower E1, longer Tpeax and lower SER compared
with malignant mass lesions (p < 0.0007). Benign nonmass lesions, on the other hand, exhibited
only a lower SER compared to malignant nonmass lesions (p=0.01). Diagnostic performance
was improved in mass lesions compared to nonmass and focus lesions.

Conclusions: Kinetic parameters capturing the initial uptake, peak and washout phase of the
curve could distinguish benign and malignant mass lesions, but parameters related only to
washout were useful in discriminating nonmass-like benign from malignant lesions. Our results

suggest that kinetic analysis is more diagnostically useful for mass-like enhancement.
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INTRODUCTION

The high sensitivity of dynamic contrast enhanced magnetic resonance imaging
(DCEMRI) for the detection of invasive breast cancer has expanded its clinical role to now
include high risk screening, pre-operative staging, and post-treatment followup [1, 2]. Several
prior reports have shown that DCEMRI provides excellent depiction of lesion morphology and,
compared to other imaging modalities, most accurately determines pathologic disease extent [3-
5]. In addition, qualitative and quantitative measures of contrast media uptake and washout—or
kinetic—time course curves have been correlated with prognostic and predictive biomarkers,
such as estrogen receptor expression, microvessel density, proliferative index and nuclear grade
[6, 7]. Thus, DCEMRI of the breast allows for simultaneous characterization of both lesion
morphology and biology, via analysis of kinetic curves.

Classification of morphology according to the BIRADS lexicon begins with categorizing
the ‘type’ of enhancement as focus, mass or nonmass-like, while kinetic curves are classified as
exhibiting ‘washout’, ‘plateau’ or ‘persistent’ shape (Figure 1)[8]. Mass lesions are the most
common finding: benign mass lesions are often round or oval in shape, with smooth margins,
and exhibit ‘persistent’ type curves, while malignant mass lesions are often irregularly shaped,
with irregular or spiculated margins and display ‘washout’ type curves [9, 10]. Nonmass-like
enhancement is less common, although it is the predominant morphology of preinvasive ductal
carcinoma in situ (DCIS) which exhibits variable kinetic curve shapes [11-13]. While several
reports have documented the morphologic and kinetic characteristics of benign and malignant

lesions, relatively few have studied the relationship between lesion morphology and kinetics.
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Indeed, it could be that focus, mass and nonmass enhancement patterns reflect
fundamental differences in the underlying physiology and vasculature of these lesions, which
may in turn affect their kinetic curve characteristics. More specifically, it is possible that the
Kinetic parameters and criteria that work best to distinguish benign and malignant mass lesions
may not work well with focus or non-mass lesions, and vice versa. In a recent pilot study based
on a relatively small number of patients [14], we used an empirical mathematical model to
analyze kinetic curves in nonmass vs. mass lesions. We found that nonmass lesions exhibited
significantly lower contrast uptake and slower washout compared to mass lesions. Furthermore,
sensitivity and specificity of kinetic analysis was reduced in nonmass lesions compared to mass
lesions. Our goal in this study was to test whether these preliminary results are valid in a larger
number of patients. Instead of using a mathematical equation to model the kinetic curve data,
we applied qualitative and quantitative analysis methods that are more closely aligned with how
radiologists routinely classify kinetic curves. In addition, focus lesions are included in the
present study, which were excluded previously, as well as a more detailed analysis of the

pathology findings of these three types of enhancement.
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METHODS

Patients

At our institution, we maintain a HIPAA compliant research database in which patient
image data is collected under an IRB approved informed consent process or waiver of consent.
For each patient presenting for DCEMRI of the breast, the database stores the radiologist-
determined MR findings. In addition, the corresponding pathologic diagnosis for each MR
detected lesion is recorded (when available) based on consensus opinion of two pathologists. The
most common indications for breast DCEMRI are pre-operative staging of newly diagnosed
cancers, post-operative and treatment follow-up, and screening of women at high-risk for
developing breast cancer. A retrospective review of patients imaged May 2002-August 2005
yielded 457 lesions with pathologic findings in 401 women. The average patient age was 54.5
+13.6 years. After review of pathology reports, 137 lesions were determined to be benign and
320 malignant. The malignant lesions were further classified as invasive ductal carcinoma
(IDC), ductal carcinoma in situ (DCIS), invasive lobular carcinoma (ILC) or “‘other’ based on
review of final pathology reports. Similarly, the benign lesions were classified as fibroadenoma,

papilloma, fibrocystic change (FCC), breast tissue, or ‘other’.

MR imaging protocol and analysis

MR imaging was performed on a 1.5T GE Signa scanner (GE Healthcare, Milwaukee,
WI1) using a dedicated 4 channel breast coil (Invivo, Orlando, FL) with the patient in the prone
position. Two protocols were used. In the first, one pre and five post-contrast images were
acquired in the coronal plane using a 3D T;-weighted spoiled grass sequence (TR/TE =7.7/4.2

msec, flip angle = 30°, slice thickness = 3 mm, and in plane resolution = 1.4 mm), without fat
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suppression, with 68 second timing. In the second dynamic protocol there were three post-
contrast acquisitions. The first two post-contrast acquisitions were obtained as before, followed
by acquisition of high spatial resolution sagittal images for 128 seconds, and returning to a final
dynamic, 68 second, acquisition. In both protocols, the first post-contrast acquisition was started
20 seconds after contrast. 20cc of 0.5M Gadodiamide (Omniscan; Nycomed-Amersham,
Princeton, NJ) was injected intravenously followed by a 20 ml saline flush at the rate of 2.0 ml
/sec.

One experienced radiologist retrospectively reviewed the images and classified lesion
morphology and Kkinetics. The type of enhancement was assessed according to the BI-RADS
lexicon as mass, nonmass or focus. To generate the kinetic curve, the radiologist used an
institutional workstation to trace a small region of interest (ROI) around what was perceived to
be the most enhancing part of the lesion on the first post-contrast image. The plot of signal
intensity vs. time for this ROI was assessed by the radiologist according to the BI-RADS
lexicon, which describes the initial rise (‘rapid’, ‘medium’, ‘slow’) and delayed phase
(“persistent’, “‘plateau’, “washout’) of the kinetic curve.

In addition to this qualitative assessment of Kinetics, several quantitative parameters were
calculated. The initial and peak enhancement percentages (E; and Epeax) quantify the contrast

uptake of the curve[9],

_ S ek —S
Sl SO Epeak :100>< peak 0

0 0

E, =100x

where Sy in the precontrast signal intensity, and S; is the first post contrast signal intensity, and
Speak 1S the peak signal intensity. The signal enhancement ratio (SER) has been used in prior

studies to quantify the degree of washout of the curve [15],
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where S IS the signal intensity at the last post contrast time point. A larger SER implies
greater washout relative to the first post contrast point. Higher SER has been correlated with
increased vascularity and malignancy in other reports [15-17]. Finally, the time to peak

enhancement (T peax) Was calculated in seconds[9].

Statistical Analysis

To compare the proportion of ‘washout’ vs. ‘plateau’ and “persistent’ (or ‘rapid’ vs.
‘medium’ and ‘slow’) curves we used the Pearson’s y° — test, with a p value of < 0.05 indicating
statistical significance. Two-tailed unequal variance Student’s t-tests were performed to evaluate
which quantitative kinetic parameters showed significant differences between the focus, mass
and nonmass lesions, as well as subpopulations of benign and malignant, with a p value < 0.05
indicating statistical significance. The Holm-Bonferroni correction method was applied to test
for significance of multiple comparisons[18].

The sensitivity and specificity of BI-RADS kinetic descriptors were calculated separately
in focus, mass and nonmass lesions. In addition, receiver operating characteristic (ROC)
analysis was performed to compare the diagnostic performance of the kinetic parameters on
focus vs. mass vs. nonmass lesions. ROCKIT software (ROCKIT 0.9B Beta Version, Charles E.
Metz, University of Chicago) was used to generate the ROC curves and to compare area under

the curve (A;) values using the area test.
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RESULTS

Pathology of Focus, Mass and Nonmass Lesions

Overall, 300 lesions were classified as exhibiting mass-like enhancement, with 70.3%
(211/300) malignant and 29.7% (89/300) benign; 130 were classified as nonmass lesions, with
80% (104/130) malignant and 20% (26/130) benign; 27 were classified as focus, with 18.5%
(5/27) malignant and 81.5% (22/27) benign. Examples of malignant and benign focus, mass, and
nonmass lesions are shown in Figure 1, with corresponding kinetic curves. The pathology
findings of benign and malignant lesions in each type of enhancement are given in Table 1.
Malignant and benign mass lesions were predominantly IDC and fibroadenomas/FCC,
respectively. Half of malignant nonmass lesions were DCIS, while FCC and papillomas
comprised the majority of benign nonmass lesions. The predominant pathology of focus lesions

was FCC and breast tissue; only one was classified as IDC.

BI-RADS Kinetic Classification of Focus, Mass, Nonmass Lesions

The initial rise and delayed phase BI-RADS classification of kinetic curve shape for
morphology types overall, as well as benign and malignant subpopulations, are shown in Figure
2. Overall, mass lesions exhibited a higher proportion of curves classified as ‘rapid’ initial
uptake and ‘washout’ delayed phase compared with nonmass lesions (p <0.02). Only a minority
of focus lesion kinetic curves were classified as ‘rapid’ and ‘washout’.

Malignant mass lesions demonstrated a significantly higher proportion of curves
classified as having ‘rapid’ initial rise at 91%, compared to benign mass lesions at 57%

(p=0.001). In addition, 72% of malignant mass lesions exhibited ‘washout’ type curves,
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compared to only 35% of benign mass lesions (p < 0.0001). Malignant and benign nonmass
lesions did not exhibit significant differences in initial rise characteristics, however they differed
in delayed phase: 56% of malignant nonmass lesions were classified as ‘washout’, compared to
only 12% of nonmass benign lesions (p=0.003). Focus lesions exhibited predominantly

‘persistent’ curve shapes, and none of the malignant focus lesions exhibited ‘washout’.

Quantitative Kinetic Parameters of Focus, Mass and Nonmass Lesions

The average values of the quantitative kinetic parameters are displayed in Table 2.
Analogous to what was found above in the qualitative curve assessment, mass lesions exhibited
significantly higher E; (p<107°), Epeax (0<107), SER (p=0.015) and shorter Tpeax (p=0.0054)
compared with nonmass lesions. Malignant mass lesions exhibited higher E;, SER and shorter
Tpeak cOmpared with benign mass lesions whereas nonmass malignant lesions exhibited only

significantly higher SER 1i.e., stronger washout, compared with nonmass benign lesions.

Diagnostic Accuracy of Kinetic Parameters in Focus, Mass and Nonmass Lesions

For both the qualitative and quantitative descriptors of contrast media kinetics, diagnostic
accuracy was improved in mass lesions. The sensitivity and specificity of the BIRADS
descriptors are displayed in Table 3. Considering ‘rapid’ to be indicative of malignancy,
sensitivity was reduced in nonmass and focus lesions compared to mass lesions, while specificity
remained similar for both mass and nonmass lesions, and increased in focus lesions. For
descriptors of delayed phase, sensitivity was again compromised in nonmass and focus lesions,
but specificity was improved slightly. However, the 95% confidence intervals were quite large

and demonstrated considerable overlap among types of enhancement.
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To evaluate diagnostic performance of the quantitative kinetic parameters, ROC analysis
yielded A; values for each kinetic parameter evaluated separately in focus, mass and nonmass
lesions (Figure 3). The A, values were higher in mass lesions for all parameters except Epeak.
This illustrates that considering mass lesions separately from focus and nonmass lesions could
improve diagnostic performance of kinetic analysis. Differences in A, values of mass vs.
nonmass lesions were not statistically significant. The ROC curves of SER—qgenerated by
assuming that a higher SER 1i.e., stronger washout is indicative of malignancy—in focus, mass
and nonmass lesions are displayed in Figure 4. From these ROC curves, at a sensitivity of ~ 80%
the specificity of SER is 55% in mass lesions, and only 35% and 15% in nonmass and focus
lesions, respectively. In fact, for focus lesions it seems that smaller SER is more indicative of

malignancy.
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DISCUSSION

We set out to determine whether observations regarding kinetic analysis in mass and nonmass

from a previous pilot study [14] were valid in a large database of malignant and benign lesions.

(1) Pilot study result: Malignant mass lesions exhibit faster contrast uptake, shorter time
to peak enhancement, and stronger washout compared to benign mass lesions; malignant
and benign nonmass lesions do not exhibit significant kinetic differences. Current study
result: We find similar results, with high statistical significance. The only new
observation here is that here we found that malignant nonmass lesions exhibited a
significantly higher SER compared to benign nonmass lesions.

(ii) Pilot study result: That kinetic parameters differed most strongly among benign and
malignant mass lesions, translated into diagnostic performance: diagnostic accuracy (i.e.,
ability to distinguish benign from malignant lesions) of kinetic parameters related to
initial contrast uptake and washout is improved in mass lesions compared to nonmass
lesions, but not for parameters quantifying the peak magnitude of contrast uptake.
Current study result: We again find similar results; A, values were improved in mass
lesions compared to nonmass lesions, except for Epea. As in the prior study, however,

these differences were not statistically significant.

In the current study, we also extended our analysis to include foci. The majority (81.5%)

of foci were found to be benign, and almost one-third of these represented normal breast tissue
on subsequent biopsy, reiterating the importance of better understanding the presentation of

normal breast parenchyma to avoid unnecessary biopsies. The high proportion of benign foci
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found here is concordant with other studies [19] and suggests that perhaps short-term follow-up
would be more appropriate for these lesions. While benign and malignant foci did not exhibit
statistically significant differences in kinetic parameters, there was a trend for benign foci to
exhibit traditionally malignant kinetic features i.e., higher contrast uptake, stronger washout, and
a higher proportion of curves classified as ‘washout’. This affected diagnostic performance: the
A, values of foci were not only lower than mass and nonmass lesions, they were less than 0.5.

Our results underscore the importance of improving the accuracy of DCEMRI for
identifying malignant nonmass and especially foci. Several prior reports have noted that the
increased false-positive rates of DCEMRI for these types of lesions, particularly for foci of
enhancement, is a drawback limiting the widespread use of breast DCMERI [20, 21]. Others
have pointed out the considerable overlap of kinetic patterns of DCIS with benign lesions
compromises its reliable identification [12, 22-24]. For nonmass lesions, several potential
avenues can be explored to improve the accuracy of DCEMRI. For example, using an automated
algorithm to select a representative kinetic curve, or applying measures of kinetic heterogeneity
may be useful [25]. Some have suggested using spectroscopic techniques may increase
specificity for nonmass lesions [26]. It is likely that incorporating other morphologic
descriptors, such as distribution or internal enhancement pattern, will also improve specificity.
For foci, however, the path to increased accuracy is not clear, as these lesions are by definition
too small to be characterized morphologically or to exhibit kinetic heterogeneity. Perhaps
imaging at higher resolution will be necessary to improve reliable identification of malignant
focus lesions.

Given the stark morphologic and kinetic differences found among focus, mass and

nonmass lesions, it is likely that these types of enhancement reflect fundamental differences in
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lesion physiology. Understanding the physiologic basis for contrast media kinetics may aid in
the development of improved mathematical modeling and interpretation of kinetic data that can
ultimately improve sensitivity and specificity of kinetic analysis, particularly for nonmass and
focus lesions. For example, it was recently suggested that a significant reason for contrast
uptake of DCIS—which comprised half the nonmass lesions in our study— may be that
gadolinium penetrates through leaky basement membranes of neoplastic ducts and collects in the
lumen[27]. This observation could help to explain the nonmass-like enhancement pattern of
DCIS, the persistent and plateau curve type often noted for these lesions, and to improve
modeling of contrast kinetics in some nonmass lesions.

There are several limitations to this study. First, the benign lesions in our study exhibit a
relatively high proportion of ‘washout’ and “plateau’ curve types, which compromised the
specificity of these descriptors. This may be due to the fact that we only included those benign
lesions that were suspicious enough to warrant biopsy and pathologic evaluation; the “persistent”
curve shape has long been associated with benign disease [10] and perhaps more obviously
benign lesions would not be sent for biopsy. Second, the kinetic curves of nonmass lesions and
enhancing foci are vulnerable to partial volume effects, as small ROI’s encompassing the lesion
may also capture some of the surrounding normal tissue. It is possible that the observed
differences noted here between mass vs. nonmass or focus enhancement are due to partial
volume effects. Third, the use of two dynamic imaging protocols and also of sparse temporal
sampling may affect the reliability of the quantitative Kinetic parameters used. In particular, the
parameters Epeax and Tpeak Would be most compromised, while SER and E; will be less
adversely affected as they depend on the first and last time points which are at similar times for

both protocols. Fourth, kinetic analysis was performed only on one curve selected manually by
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one radiologist. It is likely that another radiologist may have selected a different curve, resulting
in different kinetic parameters. Finally, the data included was using an older system which did
not employ parallel imaging or high spatial resolution commonly used in newer state-of-the-art
systems. Validation of our findings should be performed on other imaging systems.

To summarize, we have found that kinetic parameters are different in focus vs. mass vs.
nonmass lesions. This observation may be useful for CAD systems, suggesting that if kinetic
classifiers are trained separately in lesions based on type of enhancement diagnostic accuracy
can be improved. We have also found that the efficacy of kinetic analysis is improved in mass
lesions compared to nonmass and focus lesions. Although the significance of our findings needs
to be strengthened, perhaps by using a computer algorithm to automatically select kinetic curve
[28] or by considering kinetic heterogeneity, it does suggest a new guideline for the
interpretation of DCEMRI. Kinetic analysis should be performed after lesions have been
classified as exhibiting mass, nonmass or focus type enhancement; in mass lesions, kinetic

analysis of contrast uptake and washout is of increased diagnostic value.
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Table 1: Pathology classification of focus, mass and nonmass lesions. The overall numbers of

R
[Ny}

12 benign and malignant lesions are noted, as well as the pathological subtypes.
13
14
15
16

g Type of lesions Overall Mass  Nonmass  Focus

;g (n=457)  (n=300) (n=130) (n=27)
21 All Benign 137 89 26 22
22
23 Fibroadenoma 27 23 3 1
24
25 Papilloma 17 12 4 1
26
27
28
29
30 Breast tissue 26 18 1 7
31
32 Other 25 14 8 3
33
gg All Malignant 320 211 104 5
36
37
38
39 IDC 192 160 31 1
40
41 ILC 26 17 9 0
42
43 Other 34 22 12 0
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

FCC 42 22 10 10

DCIS 68 12 52 4




Table 2: Quantitative kinetic parameters of focus, mass and nonmass lesions stratified by

pathology as benign or malignant. The p values of t-test comparisons of benign and malignant

O©CoO~NOUAWNE

lesions within each type of enhancement pattern for each parameter are also shown.

Type of lesions No. cases E; (%) Epeak (90)  Tpeax (SEC) SER
All Mass 300 281+160 348+170  165+104 1.02+0.50
Malignant 211 307+154  352+157 139491 1.13+0.51
Benign 89 221+160 336+198  227+106  0.75+0.36
p-value <10™ - <10* <107
All Nonmass 130 207+134  258+141  204+109 0.91+0.37
Malignant 104 214+135  263+141 1944105 0.95+0.38
Benign 26 179+128  242+148  242+114  0.77+0.29
p-value -- -- -- 0.01
All Focus 27 152+159  228+180 255499  0.745+0.40
Malignant 5 97+39 193+150 310+£35  0.60+0.20
Benign 22 164+174  237+189  243+105 0.78+0.43
p-value -- -- -- --
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Table 3. Diagnostic performance (sensitivity and specificity) of qualitative BIRADS descriptors

of kinetic curves in mass, nonmass and focus lesions. Numbers in parentheses represent 95%

confidence intervals.

BIRADS Descriptor

Initial Rise: Delayed Phase: Delayed Phase:
Rapid Washout Woashout or Plateau

Sensitivity

Mass 91% (86% to 94%) 72% (65% to 78%) 92% (87% to 95%)
Nonmass 77% (68% to 85%) 56% (46% to 65%) 76% (66% to 84%)
Focus 40% (7% to 83%) 0% (0% to 54%) 40% (7% to 83%)
Specificity

Mass 43% (32% to 54%) 65% (54% to 75%) 36% (26% to 47%)
Nonmass 42% (24% to 63%) 89% (69% to 97%) 46% (27% to 66%)
Focus 59% (37% to 79%) 64% (41% to 82%) 55% (33% t075%)
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FIGURE LEGENDS

Fig. 1—T; weighted axial post-contrast subtraction images demonstrating: a) mass-like
enhancement in a 47 year old woman representing IDC, b) nonmass-like enhancement in a 54
year old woman representing DCIS, and c) focus enhancement in a 61 year old woman
representing DCIS. Representative kinetic curves of malignant and benign lesions of each

enhancement type are shown on the left.

Fig. 2—BIRADS qualitative descriptors of initial rise (bottom) and delayed phase (top), in focus,

mass and nonmass lesions overall, as well as benign and malignant subtypes.

Fig. 3—Diagnostic performance of the quantitative kinetic parameters E1, Epeax, SER and Tpeax.
Area under the curve (A,) values, calculated from generated ROC curves, are displayed. For each
kinetic parameter, three A, values are presented for focus, mass and nonmass lesions. Error bars

indicate 95% confidence interval.

Fig. 4—ROC curves of the parameter SER in focus lesions (blue line), mass lesions (black line),
and nonmass lesions (red line). This plot demonstrates improved diagnostic performance of

SER in mass compared with nonmass and focus lesions.
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Fig.1—T;weighted axial post-contrast subtraction images demonstrating: a) mass-like
enhancement in a 47 year old woman representing IDC, b) nonmass-like enhancement in a 54
year old woman representing DCIS, and c) focus enhancement in a 61 year old woman
representing DCIS. Representative kinetic curves of malignant (dark grey) and benign (light
grey) lesions of each enhancement type are shown on the left.
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Fig.2—BIRADS qualitative descriptors of initial rise (bottom) and delayed phase (top), in focus,

mass and nonmass lesions overall, as well as benign and malignant subtypes.
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Fig. 3—Diagnostic performance of the quantitative kinetic parameters E1, Epeax, SER and T peax.
Area under the curve (A;) values, calculated from generated ROC curves, are displayed. For each
kinetic parameter, three A, values are presented for focus, mass and nonmass lesions. Error bars
indicate 95% confidence interval.
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Fig. 4—ROC curves of the parameter SER in focus lesions (blue line), mass lesions (black line),

and nonmass lesions (red line). This plot demonstrates improved diagnostic performance of

SER in mass compared with nonmass and focus lesions.
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ABSTRACT

Introduction: Because of the small size of in situ mammary cancers in mouse models, high-
resolution imaging techniques are required to effectively observe how lesions develop, grow and
progress over time. Our purpose was to use magnetic resonance imaging (MRI) to track in vivo
the transition of in sifu to invasive cancer in transgenic mice.

Methods: MR images of 12 SV40 Tag mice, which develop mammary intraepithelial neoplasia
(MIN) that is similar to human ductal carcinoma in situ (DCIS) including progression to invasive
tumors, were serially obtained every 2- 3 weeks. MIN lesions were identified and followed as
they grew, and several lesion features were measured including volume, growth rate and
morphology. For those MIN lesions that progressed to invasive cancer the progression time was
measured.

Results: Overall, 21 MIN lesions were initially detected at an average at an average initial
volume of 0.3+0.2 mm® with an average growth rate of -0.15 +0.66 week "'. Even though these
mice are genetically predisposed to develop invasive carcinoma, these lesions took vastly
different progression paths: (i) 9 lesions progressed to invasive tumors with an average
progression time of 4.6 + 1.9 weeks (ii) 2 lesions regressed, i.e., were not detected on future
images, and (iii) 5 were stable for over 8 weeks, and were demonstrated by a statistical model to
represent indolent disease.

Conclusions: To our knowledge, the results reported here are the first direct measurements of
the timescales and characteristics of progression from in situ to invasive carcinoma and provide
direct evidence that DCIS may be a non-obligate precursor lesion. In addition, this is the first
step towards developing methods for image acquisition and analysis that can predict which in

situ cancers will become invasive and which would not.



INTRODUCTION

The processes that characterize and trigger progression of preinvasive ductal carcinoma
in situ (DCIS) to invasive breast cancer remain elusive. DCIS is a heterogeneous disease, in
which neoplastic cancer cells are still confined by the basement membrane of ducts. Progression
to invasive ductal carcinoma (IDC) is thought to occur by first degradation of the basement
membrane, microinvasion of cancer cells into the surrounding stroma and growth of a solid
tumor. The use of screening mammography has increased rates of detection of DCIS [1], which
has in turn expanded knowledge about the biology of these earliest stage breast cancers.
However, clinical imaging provides only a snapshot of tumor biology. Basic characteristics of
DCIS development over time (i.e., growth rates and changes in morphology), and progression to

IDC are still largely unknown[2].

Fundamental questions regarding the natural history of DCIS have remained unanswered
largely because they are difficult to study in women. Due to obligate surgical excision of most
newly diagnosed cancers, subsequent lesion progression cannot be followed. A few studies have
examined outcome in a small number of women whose DCIS was initially misdiagnosed as
benign disease, i.e., treated by biopsy alone [3, 4]. In one such study, 6 of 13 DCIS progressed
to invasive breast cancer in an average of 9 years. In another, 11 of 28 women with
misdiagnosed low-grade DCIS developed invasive carcincoma in the same quadrant, the
majority within 15 years. These studies and others [5] have prompted some to suggest that DCIS
may be over-diagnosed and over-treated [6-8] as not all will progress to invasive cancer. If this

is the case, it is clinically important to identify predictive markers that can distinguish those



DCIS that will remain indolent from those that will progress to life-threatening disease. Some
studies suggest that a higher nuclear grade is related to an aggressive phenotype, as these lesions
are more likely to recur as invasive tumors [9]. While human studies provide important insights
into the natural history of DCIS, they usually suffer from having small patient numbers, having a
biased lesion population (i.e., only those DCIS that were initially misdiagnosed), performing
interventions that could alter disease state and progression (i.e., biopsy or lumpectomy), and
focusing on outcome rather than detailed measurements of lesion morphology or biology. It is
difficult to fully understand DCIS development or the key steps involved in progression of in situ
disease without detailed empirical data directly following DCIS as it develops and progresses

over time.

Transgenic mouse models of cancer provide an experimental framework with which to
begin to understand the natural history of DCIS. Because of the small size of in sifu mammary
cancers in mouse models, high-resolution imaging techniques are required to effectively observe
how lesions develop, grow and progress over time. Recently, our laboratory has reported high-
resolution in vivo magnetic resonance (MR) images of pre-invasive ductal carcinoma in situ
(DCIS) in a mouse model of human breast cancer [10]. In the current study, we used these new
techniques to follow in situ mammary cancer over time using magnetic resonance imaging
(MRI). Specifically, the timescales and characteristics of the development and progression of in

situ to invasive carcinoma were evaluated, and predictive markers of progression were explored.



MATERIALS AND METHODS

Animals

All procedures were carried out in accordance with our institution’s Animal Care and Use
Committee approval. The C3(1) SV40 large T antigen mouse model of breast cancer was used in
this research. In this model, expression of large T antigen is targeted to the mammary gland in
females via the C3 promoter. Female mice develop mammary cancer that resembles human
ductal carcinoma, including progression through atypical ductal hyperplasia (~8 weeks),
mammary intraepithelial neoplasia (MIN) [11] which is similar to human DCIS (~12 weeks), and
invasive tumors (~16 weeks)[12]. A total of 12 mice were selected for serial MR imaging. Four
of 12 mice were selected for serial imaging every two weeks from ages 10-20 weeks. Eight of

12 were selected for serial imaging every three weeks from 12-21 weeks.

MRI Experiments

The inguinal mammary glands on the left side of each mouse were selected for repeat in vivo
imaging performed with a Bruker 9.4 Tesla magnet. Axial gradient recalled echo (GRE) images
with fat suppression (TR/TE: 675/7 ms, FOV=3.0 x 3.0 cm, matrix size = 256 x 256, NEX=2,
#slices=42, slice thickness=0.5mm, in-plane resolution=117 microns and flip angle=30°) across
the entire sensitive volume of an open birdcage surface coil were obtained, so that images of the
complete inguinal glands were obtained [10, 13]. To facilitate spatial correlations between
serial MR images, a fine polyethylene mesh ~ 3.0 cm x 2.0 cm in size with 3.0 mm spacing was
embedded in partially deuterated agar and wrapped around each mouse. This grid produced a
pattern on MRI that was used for registration of serial MRI images so that lesions could be

located and followed over time [10]. Animals were anesthetized prior to imaging experiments,



and anesthesia was maintained during imaging at 1.5% isoflorane. The temperature, heart rate
and respiration rate were monitored with data taken every minute, and the respiration rate was

used to obtain gated images.

Lesion identification

In a prior study, we found that MR images acquired with a GRE pulse sequence demonstrated
high sensitivity for MIN and early invasive tumors (Figure 1) [10]. C3(1) SV40 Tag mice were
imaged at various stages of cancer development and sacrificed afterwards to perform detailed
correlations with histology using an agar grid. Several lesion features were evaluated, including
morphology based on a simplified version of the Breast Imaging Reporting and Data System (BI-
RADS) lexicon [14] as follows: type (mass or nonmass), shape/distribution (for mass lesions:
round, oval, lobular or irregular; for nonmass lesions: linear, ductal or segmental), margins (for
mass lesions only: smooth or irregular) and pattern (for mass lesions: homogeneous or
heterogeneous; for nonmass lesions: homogeneous, stippled or clumped). We found that the type
descriptors ‘mass’ and ‘nonmass’ were highly specific to invasive tumors and MIN, respectively.
The results from this prior study provided the basis for the present work by demonstrating that (i)
all MR findings in the gland correspond to cancer i.e., there are no false positives, (ii) MIN, early
invasive tumors and lymph nodes can be confidently identified based on morphology, and (iii) an

agar grid can be used to localize and follow lesions over time.

Analysis of lesion features and development
All image analysis was performed using software written in IDL (Research Systems, Inc.,

Boulder, CO). The images of mouse mammary glands were analyzed in a manner analogous to



methods used when evaluating human breast images. In women, cancers are often assigned a
location by dividing the breast in quadrants relative to the nipple: upper-outer, upper-inner,
lower-outer and lower-inner. Cancers within a quadrant are usually grouped as one, and the
worst pathology determines the overall diagnosis—in other words, an invasive cancer with
nearby extensive DCIS is considered an invasive tumor. For the mice, we proceeded with a
similar analysis (Figure 2). The inguinal mammary glands were divided into three regions, this
time using the intramammary lymph node as a reference point. Regions were examined to
identify all ducts with MIN and invasive tumors, using the morphologic classification of lesion
type (as defined above). Lesions within each region were grouped together (if necessary) and the
following features were then evaluated: age at initial lesion detection (weeks), volume (mm?),
further morphologic classification (as above, shape/distribution, margins and pattern) and
distance from the intramammary lymph node (mm).

Using the agar grid and lesion location relative to the intramammary lymph node, lesion
development was followed over time. This could only be assessed in cases where the lesion had

been imaged at least twice. Growth rate was calculated according to
V() = Vge™ : [1]
where V is lesion volume (mm3), t is the time in weeks, and a is the growth rate (Week'l). This

was calculated separately for MIN (o) and invasive tumors (Owmor). Changes in morphology

as lesions developed were also examined, separately for in situ and invasive tumors.

Analysis of MIN progression into invasive cancer
Each MIN was followed over time to determine whether invasive cancer developed in that region

in the future. Specifically, if any invasive tumor developed in the same region on subsequent



images, the lesion was classified as having progressed and the progression time Ty, (in weeks)
was calculated: Ty = Age at initial detection of invasive tumor — Age at initial detection of
MIN. The average progression time Lo, and the standard deviation of progression times Gprog
was then calculated. If an invasive tumor was not found in subsequent images, the latency time
Tia (in weeks) was determined: Ty, = Age at final imaging session - Age at initial detection of
MIN. To determine whether some latent lesions truly represented non-progressing or “indolent”
disease, a threshold T, was found so that MIN lesions with T, > Ty could be considered a
biologically distinct class of “indolent” lesions. Details of the statistical method used are in the
Appendix. In addition, the prior images of all invasive tumors were evaluated to determine how

many were preceded by MIN.

Analysis of predictive markers for progression

We next investigated whether certain lesion features were predictors of in situ cancer progression
i.e., whether they could distinguish progressing from indolent MIN. We tested if having a larger
distance from the lymph node, larger volume, earlier age at initial detection and a larger growth
rate (o) were predictors of whether that MIN lesion would progress in the future to an
invasive tumor. The average value of each of these parameters was calculated separately in
progressing and indolent MIN, and compared using the Student’s #-test. Receiver operating
curve (ROC) analysis (ROCKIT 0.9B Beta Version, Charles E. Metz, University of Chicago)
was performed to determine the diagnostic accuracy for each parameter in the task of
distinguishing progressing from indolent MIN. For each parameter, ROC analysis yielded area

under the curve (A,) values that quantified diagnostic accuracy. To evaluate the efficacy of the



morphologic descriptors at identifying progressing MIN, the positive predictive value (PPV) and

negative predictive value (NPV) of each morphology descriptor was also evaluated.
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RESULTS

Lesion features and development

Overall, 2 of 12 mice did not develop any cancerous lesion in the imaged inguinal glands. In the
remaining 10 mice, a total of 21 MIN lesions developed. In 8 of these mice a total of 14
invasive tumors developed (not always preceded by MIN in the same region). The lesion
features at initial detection are summarized in Table 1. Most MIN lesions developed in the mid
(10/21) or lower (9/21) gland regions, at an average age of 12.7 + 2.6 weeks and an average
initial volume of 0.34+ 0.22 mm®. MIN typically presented in a ductal or segmental shape and a
homogenous pattern. Invasive tumors also developed predominantly in the mid (8/14) or lower
(5/14) gland region. Tumors appeared at an average age of 16.3+3.2 weeks at an initial volume at
the time of detection of 17.2+ 41.6 mm”. The latter value was skewed due to two tumors that
presented initially at a very large volume (>120 mm”); excluding these two tumors reduced the
average initial tumor volume to 1.96+ 2.01 mm°. The typical invasive tumor morphology at

initial detection was a round shape with smooth margins and a homogeneous pattern.

The subsequent development of MIN was studied in those 15/21 lesions that were imaged
as MIN at least twice. Interestingly, the average growth rate was slightly negative onn=-0.15
+0.66 week . Several lesions exhibited close to zero growth (Figure 3); two in particular
exhibited considerably negative growth because upon subsequent imaging they were no longer
detected (Figure 4a). This could be evidence of in situ cancer disappearance; at the least, it
indicates the lesion has substantially reduced in size i.e., regressed. Some of the MIN lesions

also exhibited morphological changes as they developed. 2/15 mice exhibited a change in lesion
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shape from ductal to segmental. More significantly, 8/15 showed changes in lesion pattern from

homogeneous to clumped or stippled.

Early invasive tumors exhibited less variability compared to MIN as they grew over time.
For the 8/14 invasive tumors that were imaged at least twice, the average growth rate was 0.53
+0.38 week ', significantly higher than that of MIN. Although the growth rates of invasive
tumors varied considerably (Figure 3), none of the tumors reduced in size over time.
Furthermore, tumors maintained similar morphologic characteristics as they developed. Only
2/8 tumors changed morphology over time: one transitioned from a round to lobular shape, and
the other from a round mass with smooth margins to an irregular mass with irregular margins.

This suggests that the growth patterns of early invasive tumors are more stable than MIN lesions.

Progression of MIN into early invasive cancers

Nine of 21 MIN lesions progressed into invasive cancers with an average progression time of
Tprog=4.6 £1.9 weeks (Figure 4b). Of these, 5 MIN lesions progressed to invasive cancer in 2-3
weeks, 3 within 6-7 weeks, and 1 in 8-10 weeks. Eleven of 21 MIN were found to have not
progressed to invasive tumors with an average latency time of Tj,=5.843.8 weeks (Figure 4c).
Of these, 4 did not progress for at least 2-3 weeks, 2 for at least 6-7 weeks and 5 were stable for
at least 8-10 weeks (T, > 8 weeks). One of 21 MIN developed at the last imaging time point (21
weeks of age) and thus subsequent development was unknown. Nine of 14 invasive tumors were
preceded by MIN that was detected by MRI; MIN was not detected in the prior images of four
tumors, and one tumor was detected at the first imaging session (age 12 weeks) and thus prior

history was unknown.
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Using the statistical method outlined in the Appendix, and with Npe=9, Hproe=4.56 and
Gprog=1.9 weeks, we found that there is a less than 0.5% probability that lesions with Ti, greater
than or equal to 8 weeks could be from the same population as progressing MIN. In other words,
according to our methods, MIN lesions with Ty, >8 weeks represented indolent disease that is

biologically different from the MIN lesions that progress.

Predictive markers for progression

There was a trend for indolent MIN lesions to develop earlier than progressing lesions, to be
closer to the lymph node and to have a lower growth rate compared with progressing MIN (Table
2). However, these differences were not statistically significant. The positive and negative
predictive values of the morphology descriptors ranged from 0.25 to 0.70, with very large

confidence intervals due to the small number of lesions included in this study.
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DISCUSSION

We have used serial MR imaging to study how in situ lesions grow to become invasive
cancers. Key timescales of cancer initiation and progression in C3(1) SV40 Tag mice that can
only be derived from repeated non-invasive imaging were measured: progression times, latency
times, and growth rates of MIN and early invasive tumors. Significantly, we found that even in
these mice that are genetically predisposed to develop invasive carcinoma, a substantial
proportion of in situ cancers did not progress to invasive tumors. To our knowledge, these
results provide the first detailed, high-resolution measurements of early mammary cancer natural

history in mice.

Abbey et al have used PET imaging to follow malignant transformation of pre-neoplastic
lesions similar to DCIS in a transplantable tissue model of breast cancer[15, 16]. Our work
differs from theirs in several ways. To begin with, the mouse models are different. Abbey et al
performed tissue transplantation into a cleared mammary fat pad, rather than utilizing a
transgenic model. Furthermore, unlike SV40 Tag mice, in situ cancers grew extensively in their
model covering over 60% of the mammary gland before the appearance of focal tumors.
Secondly, there are inherent limitations of PET compared to MR imaging. PET imaging is an
excellent modality for evaluating treatment response, as has been done by Namba et al on early
mammary cancers [17]. However, the coarse spatial resolution of PET compared to MRI renders
it unsuitable for detailed morphological studies of disease initiation and progression and
correlations with histology. For example, the image voxel size in Abbey et al was approximately
5mm’, compared to our voxel size of 0.0068 mm’—three orders of magnitude smaller. This

compromised spatial resolution limited the size of PET-detected in sifu lesions to 10-50 mm’,
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compared to our average value of 0.34 mm’. Similarly, invasive tumors in Abbey et al were over
50 mm®, compared to our average value (excluding two outliers) of 1.96 mm’. With these
differences noted, our finding that the growth rates of invasive cancers were higher than that of

in situ cancers is concordant with the work of Abbey et al.

The C3(1) SV40 Tag mouse model is being used increasingly in a wide variety of studies,
ranging from evaluating effects of interventional and preventative therapies [18-31], to
understanding molecular and genetic alterations occurring at various stages of disease
progression [32-37]. Our results contribute new observations regarding this mouse model of

breast cancer:

o MIN lesions grow slowly on average, and can both progress to invasive tumors or
remain indolent, as has been suggested to be true for DCIS in women [2-4]. This implies that
at least a second transformational event beyond expression of Tag is required for cancer
progression in this model [34]. We have also found evidence for in situ cancer regression,
which if validated in larger numbers with detailed pathology correlation, would be direct
demonstration of spontaneous breast cancer regression [38-40]. The heterogeneity of
progression paths demonstrates that the C3(1) SV40 mouse model may be good candidate for
assessing the effect of therapies that delay progression of DCIS.

o Early invasive tumors show less variability in morphology as they grow compared

with MIN. Although there was a wide variability of growth rates of early invasive cancers,

overall they grew much faster than in situ cancers, and none decreased in size or regressed.
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o Increased lesion volume was not a predictor of future progression, but there was a
trend for increased growth rate to be related to the eventual development of invasive carcinoma.
Unfortunately, in this pilot study the number of cases was too small to draw conclusions with
statistical significance. If this observation was validated in a larger study, it would imply that it is
how quickly DCIS is growing, not the lesion size, that is related to whether or not it will

progress.

It will be important to assess similar characteristics in other mouse models of human breast
cancer. If some features can be found that persist across mouse models, they may ultimately

demonstrate applicability to human disease.

Given that the natural history of breast cancer is still an open question, there are many
theories of the mechanisms governing the growth and progression of early breast cancers in
women. The ‘angiogenic switch’ is thought to be a crucial step during breast tumorigenesis, and
has been hypothesized to occur at or before the in situ stage[41]. Franks et al have used non-
linear mathematical models to predict that invasion will occur at the middle of ducts distended
DCIS due to increased mechanical pressure [42-44]. Tabar et al posit that true in sifu lesions in
fact originate in lobules, and that a separate more aggressive disease representing a duct-forming
invasive carcinoma is being wrongly included with other in situ cancers [45, 46]. Due to an
absence of empirical data of the detailed morphological, and other changes that occur during
progression of in situ cancers, such theories may be difficult to evaluate. Our work and

extensions thereof, for example using dynamic contrast enhanced MRI to probe changes in
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vasculature, can provide detailed and direct measurements of tumorigenesis on which these

mathematical and physiological models of disease initiation and progression can be evaluated.

There are several limitations to this study. First, lesion morphology was assessed using
2D axial slices rather than a 3D rendering of the inguinal glands. This could compromise the
assessment of lesion morphology, particularly of MIN located in the lower gland area. Second,
there may have been some errors in lesion identification. Although the descriptors of ‘nonmass’
and ‘mass’ are highly specific to MIN and invasive tumors, respectively, the ‘mass’ descriptor is
not perfectly correlated, implying that some MIN lesions may have been misidentified as
invasive tumors. More generally, in this study it may have been difficult to distinguish focal
MIN from invasive cancer, or to pinpoint the exact point of transition from MIN to invasion due
to the 2-3 week sampling interval. A larger sensitivity/specificity study will be required to better
correlate a wider variety of image-based features with histology, in order to minimize this
confusion. Third, the numbers of lesions studied was rather small, limiting the statistical
significance of our findings. To address this, both an increased number of mice should be
imaged as well as an increased number of mammary glands (rather than only the inguinal glands
on one side). In this way, cancer development can be assessed in the whole mouse, and data can
be analyzed to determine whether lesions in the same animal can be considered as independent.
Fourth, in this study we did not consistently perform end-point histologic evaluation of imaged
mammary glands. Fifth, changes in the parenchyma that preceded the development of MIN
could not be easily observed because of the poor signal-to-noise ratio of the normal tissue.

Recent improvements in imaging methods have provided greatly enhanced images of normal
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parenchyma, opening up the possibility of studying changes in the normal mammary glandular

tissue that are precursors to cancer development.

Finally, the new framework we have presented for analyzing early carcinogenesis in mice
may need improvement. For example, the number of MIN lesions that progressed to invasive
tumors may have been over-estimated. Our criterion was only that an invasive tumor appeared
in the same region on subsequent imaging; however this tumor may have been independent of
the MIN detected previously. The transition from MIN to invasive tumors was rarely observed
directly. In addition, cancer growth rates could only be calculated for lesions imaged at least
twice, i.e., 15/21 MIN and 8/14 invasive tumors. The remaining lesions were excluded from any
analysis of growth rates, which may have introduced a bias. These two limitations could be
addressed by conducting serial imaging at higher frequency (i.e., every few days) so that each
MIN lesion can be definitively linked with its subsequent invasive phase, and so that growth
rates can be measured for all. Lastly, the statistical model we used to identify indolent lesions

could likely be improved or modified.

In prior work, we introduced the MR imaging methods for imaging early murine
mammary cancer, and subsequently reported on how those techniques could be used to better
interpret clinical MR imaging of the breast [47]. Here, we have established a new role for MR
imaging in preclinical studies of the natural history of early breast cancer. In future work, we
plan to perform more detailed studies of carcinogenesis, by imaging more frequently and at
higher resolution. Other MR imaging techniques, such as DCEMRI, diffusion weighted imaging

and high spectral-spatial resolution imaging, could be used to probe the changes in vasculature



and cellularity that occur during progression. In addition, molecular imaging and gene/protein
expression studies could be used in conjunction with MRI to interrogate the molecular

mechanisms involved in cancer initiation and progression.

18
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CONCLUSIONS

We have used longitudinal noninvasive imaging to gain new insights into the natural history of
early mammary cancer in the C3(1) SV40 Tag mouse model of human breast cancer. We found
that some in sifu mammary cancers did not progress to invasive cancers, and investigated
potential predictive markers of progression. This study represents a first step towards detailed
studies of functional and morphological characteristics of mammary tumorigenesis, and
developing methods for image acquisition and analysis that can predict which in situ cancers will
become invasive and which would not. Such investigations would have an important impact on

clinical management of patients with DCIS.
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APPENDIX: Statistical method for identifying indolent MIN.

We consider two groups of MIN: (i) lesions in which progression to invasive cancer was
observed, with average time to progression Tproe = Hprog TG prog, and (ii) lesions in which
progression to invasive cancer was not observed, with a range of latency times Ty,. Our goal is
to determine which lesions in the second group, if any, truly represent non-progressing or
indolent disease. We begin first with the population of MIN lesions in which progression to
invasive cancer was observed. We assume the progression time Ty, for each lesion is normally
distributed N(Uprog, Oprog), and denote Ny, as the number of lesions in the progressing group.
We next consider a subset of the latent MIN lesions with latency times Tj, longer than a
threshold Ty, and denote Ny the number of lesions with Ty, > Ty. The probability that after
randomly drawing n= Np;c+ No lesions from N(lprog, Gprog), We have selected at most Nproq
lesions with Ty < To can be found using cumulative form of the binomial distribution, given by

the following density function:

P(k) = (ij 1= p)"t
: 3]

where p is the probability that one progressing lesion can have Tp.s < Tp (can be calculated using
the cumulative distribution function of the normal distribution) and k=N,. Thus, for each Ty

we obtain a probability that lesion with Ty, > T are part of the progressing group.



LIST OF ABBREVIATIONS

DCIS Ductal carcinoma in situ

MIN Mammary intraepithelial neoplasia
SV40 Tag Simian virus 40 large T antigen
MR Magnetic resonance

MRI Magnetic resonance imaging

GRE Gradient recalled echo

TR Repetition time

TE Echo time

FOV Field of view

NEX Number of excitation

BIRADS Breast imaging a reporting data system
ROC Receiver operating curve

PET Positron emission tomography
ROI Region of interest
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FIGURE LEGENDS

Figure 1: In vivo axial GRE MR images and corresponding H&E stained sections from a prior
study [10]. The MR images and H&E stained sections represent different orientations, as each
MR image represents only one cross-sectional slice through the mammary gland while the
histologic sections show the entire gland. During imaging, the mammary glands are attached to
the skin of the mouse, and are therefore wrapped around the body of the mouse. For excision,
the glands are peeled back from the body of the mouse and laid flat, so that coronal H&E stained
sections can be obtained. We used an agar grid (a polyethylene mesh embedded in partially
deuterated agar) to register the axial MR images with the H&E stained sections. (a) Normal
mammary gland, with intramammary lymph node, (b) lymph node and MIN, (c) lymph node
and small tumor. For each MR image, the display FOV is approximately 2.0 x 2.0 cm, and in-

plane resolution is 117 microns.

Figure 2: Flowchart demonstrating method for analyzing inguinal mammary glands for early

murine mammary cancer.

Figure 3: Scatter plot of growth rates and lesion volume at initial detection of MIN and invasive
tumors. Note that this plot displays only those lesions in which a growth rate could be calculated

i.e., that were imaged at least twice as MIN or invasive tumor.
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Figure 4: Examples of MIN progression in three different mice. In A) is an example of possible
MIN regression. MIN is visible at 12 weeks of age (left) beside lymph node, but cannot be
found six weeks later anywhere near the lymph node. Here, only one slice is shown
demonstrating absence of a lesion near the lymph node (right). In B) MIN is first detected early
on at 10 weeks of age, and in this axial MR image appears in cross section. The duct grew more
distended at 12 and 14 weeks, and by 16 weeks had become an invasive tumor. The tumor then
continued to grow and by 20 weeks was quite large. Interestingly, at 20 weeks it appeared that
new MIN had developed close to the tumor. In C) MIN has developed at 10 weeks and does not
progress to invasive cancer. FOV for all images is 3.0x2.0 cm, and in-plane resolution is 117

microns.
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Table 1: The features at initial detection of MIN and early invasive cancers.

Feature at initial detection MIN Invasive
(n=21) cancers
(n=14)
Upper gland 2 (9%) 1 (7%)
Region Mid gland 10 (48%) 8 (57%)
Lower gland 9 (43%) 5 (36%)
Distance from
lymph node (mm) 35+1.8 6.6+7.6
Age (weeks) 12.7+£2.6 16.3+ 3.2
Volume (mm3) 0.34+0.22 17.2 £ 41.6*
Morphology
Nonmass 21 (100%) 0 (0%)
Type Mass 0 (0%) 14 (100%)
Ductal 11 (52%) --
Distribution Segmental 9 (43%) -
(Nonmass) 1 ;e 1 (5%) -
Clumped 2 (10%) --
Pattern Homogeneous 14 (67%) --
(Nonmass) ;1,104 5 (23%) -
Irregular -- 3 (21%)
Shape Round - 9 (64%)
(Mass) Lobular - 2 (14%)
) Smooth - 10 (71%)
l\zl;[;gslsl;s Irregular - 4 (29%)
Heterogeneous -- 4 (29%)
I();}::S'l)l Homogeneous - 10 (71%)

*If we exclude two tumors that initially presented at over 100 mm’, the
average was 1.96 + 2.01 mm’.
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Table 2: Values of lesion features in progressing vs. indolent MIN. Student t-test comparisons
yielded p values shown below. For the A, values, numbers in parentheses represent 95%
confidence intervals.

Feature Progressing Indolent MIN  p value A,
MIN (n=9) (n=5)
Age at first detection (weeks) 12.3+2.3 10.6+£0.9 0.07 0.83(0.51-0.97)
Maximum volume (mm’) 0.5520.66 0.67+0.87 0.81  0.48(0.19-0.78)
Growth rate (week ')** 0.21+£0.29 -0.66+0.952 0.11 0.83 (0.45-0.98)
Distance from lymph node (mm) 42422 2.7+1.6 0.18 0.75(0.43-0.94)

** Growth rate could only be measured for those lesions that were imaged as MIN at least twice.
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ABSTRACT

Rationale and Objectives: To quantify the relationship between dose of contrast administered
and contrast kinetics of malignant breast lesions.

Materials and Methods: 108 patients with 120 malignant lesions were selected for an IRB
approved review. Dynamic MR protocol: 1 pre and 3 or 5 post-contrast (at a fixed volume of 20
ml of 0.5M Gadodiamide) images. Patients were stratified into groups based on dose of contrast
administered, after calculation of body weight (kg): Dose Group 1 < 0.122 mmol/kg; Dose
Group 2 0.123-0.155 mmol/kg; Dose Group 3 >0.155 mmol/kg. Analysis of kinetic curve shape
was made according to the BI-RADS lexicon. Several quantitative parameters were calculated
including initial and peak enhancement percentage (E; and Epeac). Linear regression was used to
model the variation of kinetic parameters with dose.

Results: There was no difference found in the qualitative BIRADS descriptors of curve shape
between the three dose groups. There was a trend for E; and Epeax to increase from Dose Group
1 to Dose Group 3 in malignant lesions overall, as well as in IDC lesions separately. Each
decrement/increment of 0.05 mmol/kg in dose yielded a decrease/increase of 78% and 97% in E;
for in situ and invasive cancers, respectively.

Conclusion: Contrast should be administered at fixed dose to achieve comparable levels of
lesion uptake in women of different weight. Our results suggest that reducing the contrast
administered to 0.05 mmol.kg, as has been suggested for patients at risk of developing

nephrogenic systemic fibrosis, could impair the reliable detection of early cancers.

Keywords: breast MRI, contrast dose, kinetics, breast cancer.



INTRODUCTION

Dynamic contrast enhanced magnetic resonance imaging (DCEMRI) of the breast allows for
excellent visualization of lesion morphology and cancerous disease extent(1-3). Due to its high
sensitivity for malignant disease, DCEMRI is being used increasingly for staging of the newly
diagnosed breast cancer patient, for high-risk screening and for follow-up of patients undergoing
therapeutic interventions (4-6). Lesions are visualized after intravenous injection of contrast
media, usually a gadolininum chelate, which accumulates in and around malignant tumors due to
their dense and leaky neovasculature. Analysis of the timecourse of contrast media uptake and
washout (i.e., the kinetic curve) is important for lesion evaluation, as malignant tumors tend to
exhibit a “washout’ curve shape, while benign lesions often show ‘persistent’ contrast uptake

over time(7).

The injection of contrast media is a crucial component of breast DCEMRI acquisitions, as
it is required for both lesion visualization and characterization. Yet despite years of breast MR
imaging and clinical investigations, contrast media is typically used “off-label” for breast
DCEMRI. Ideally, it should be expected that (i) sufficient quantity of contrast is injected for
reliable detection of all malignancies, (ii) an excessive quantity should be avoided to prevent
toxicity, such as development of nephrogenic systemic fibrosis in patients with compromised
kidney function (8), and (iii) it is administered in such a way to minimize inter-patient
variability, ensuring that similar interpretation criteria can be consistently applied in the
evaluation and characterization of lesions. The American College of Radiology (ACR) practice

guidelines recommend that contrast be administered at a fixed dose of 0.1 mmol/kg via a bolus



injection, followed by at least a 10 ml saline flush (9). By injecting a fixed dose, heavier women
receive a larger volume (in ml) of contrast media compared to normal weight women. This is to
be distinguished from injecting a fixed volume of contrast, so that regardless of weight, all
women will receive the same volume of contrast media. This was utilized more commonly in

the past, and continues to be employed in some institutions.

The concern with administering a fixed volume of contrast, rather than a fixed dose, is
that women of different weights will receive variable doses of contrast, which may in turn result
in a variable presentation of lesion kinetic curves. While this is certainly likely to be the case,
few reports have quantified this effect. At our institution, for a short while contrast had been
injected at a fixed volume rather than a fixed dose. The purpose of this study was to quantify the

effect of contrast media dose on the kinetic presentation of malignant lesions.



MATERIALS AND METHODS

Patients

Breast DCEMRI is most often obtained at our institution for pre-operative staging of the newly
diagnosed breast cancer patient, post-chemotherapy evaluation and screening of high-risk
women. A HIPAA compliant retrospective review of breast MR examinations yielded 108
consecutive patients that were eligible for study under an IRB approved waiver of consent: those
with patient history forms available, with MR detected malignant lesions, and with a fixed
volume (20 ml) of contrast injected. These images were acquired March 2003-February 2005,
and the average patient age was 56.1 +14.4 years. After review of final pathology reports, the
malignant lesions were classified as invasive ductal carcinoma (IDC), ductal carcinoma in situ

(DCIS) or “other’.

MR Imaging Protocol and Analysis

MR imaging was performed on a 1.5T GE Signa scanner (GE Healthcare, Milwaukee, W1) using
a dedicated 4 channel breast coil (Invivo, Orlando, FL) with the patient in the prone position.
Images were acquired in the coronal plane using a 3D T;-weighted spoiled grass sequence
(TR/TE =7.7/4.2 ms, slice thickness = 3 mm, and in plane resolution = 1.4 mm, flip angle =
30°), without fat suppression. Two protocols were used, with either 3 or 5 post contrast
acquisitions. For both protocols, imaging commenced 20 seconds after contrast injection, and
the first, second and last post contrast images were acquired at similar sampling intervals: 68,
136 and 324 second post-contrast, respectively. 20 ml of 0.5mmol/ml Gadodiamide (Omniscan;

Nycomed-Amersham, Princeton, NJ) was injected intravenously followed by a 20 ml saline flush



at the rate of 2.0 ml /sec. Thus, the amount in moles of Gadodiamide injected regardless of

weight for every patient was 20ml x 0.5 mmol/ml = 10 mmol.

Determination of Dose Groups
Patient history forms completed by patients at the time of MR examination were retrospectively
reviewed to determine patient weight in pounds. This weight was then converted into kilograms
(kg) so that the injected dose of contrast could be calculated as:
Injected dose = (Injected moles of contrast)/ (Patient weight in kg)

= 10 mmol/(Patient weight in kg)
The patients were then divided into three groups based on their administered dose: Dose Group
1, less than 0.122 mmol/kg; Dose Group 2, 0.125-0.155 mmol/kg; and Dose Group 3, greater

than 0.155 mmol/kg.

Kinetic Analysis

Qualitative assessment of curve shape. One experienced radiologist retrospectively reviewed the
images and classified lesion morphology and kinetics. To generate the kinetic curve, the
radiologist used institutional software to trace a small region of interest (ROI) around what was
perceived to be the most enhancing part of the lesion on the first post-contrast image. The plot
of signal intensity vs. time for this ROl was assessed by the radiologist according to the BI-
RADS lexicon, which describes the initial rise (‘rapid’, *‘medium’, ‘slow’) and delayed phase

(“persistent’, ‘plateau’, “washout’) of the kinetic curve.



Quantitative parameters. In addition to this qualitative assessment of kinetics, several
quantitative parameters were calculated. The initial and peak enhancement percentages (E; and

Epea) quantify the contrast uptake of the curve(10),

_ S peak — S
E1=100><Sl S E pea =100x —22 =0
S

0 0

where Sy in the precontrast signal intensity, and S; is the first post contrast signal intensity, and
Speak 1S the peak signal intensity. The signal enhancement ratio (SER) has been used in prior
studies to quantify the degree of washout of the curve (11),

SER = 515

last — 0 ,
where Siu IS the signal intensity at the last post contrast time point. A larger SER implies
greater washout relative to the first post contrast point. Higher SER has been correlated with
increased vascularity and malignancy in other reports (11-13). Finally, the time to peak
enhancement (Tpeax) Was calculated in seconds(10).
Normalizing parameters to fixed dose. To estimate the values of E; and Epea had a fixed dose of
0.1 mmol/kg been consistently injected, these parameters were normalized using the
normalization factor:
Normalization factor (NF) = Injected dose/ (0.1 mmol/kg)
= (10 mmol/Patient weight in kg)/ (0.1 mmol/kg)
=100/(Patient weight in kg)

Thus, for each lesion the following normalized kinetic parameters were also calculated:

Erorm _ El Erom _ Epeak
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Statistical Analysis

To compare the proportion of ‘washout’ vs. “plateau’ and “persistent” (or ‘rapid’ vs. ‘medium’
and ‘slow’) curves the Pearson’s ¥° — test was used, with a p value of < 0.05 indicating statistical
significance. Two-tailed unequal variance Student’s t-tests were performed to evaluate which
quantitative Kinetic parameters showed significant differences between the three dose groups
with a p value < 0.05 indicating statistical significance. The Holm-Bonferroni correction method
was applied to test for significance of multiple comparisons(14). Linear regression was
implemented to quantify the relationship of the quantitative parameters E1, Epeak, Tpeak and SER
vs. dose for all lesions using Origin 6.0 software. The line-of-best-fit was used also to estimate

the parameter values at an injected dose of 0.1 mmol/kg.



RESULTS

Description of Dose Groups

After review of image and pathology data from all 108 patients, a total of 120 MR detected
malignant lesions were included. Of these, 60 were classified as IDC, 39 as DCIS, and 21 as
‘other’. The majority of patients were classified in Dose Group 2, having received a contrast
dose of between 0.125 and 0.155 mmol/kg (Table 1). 11 patients received a dose less than 0.1

mmol/kg, and the highest dose administered was 0.201 mmol/Kkg.

Kinetic Analysis

The qualitative BI-RADS descriptors did not vary considerably between the dose groups (p
>0.13 for initial rise and p> 0.76 for delayed phase in malignant lesions). For all groups, the
majority of lesions were classified as having “rapid” initial rise and “washout” curve shape
(Figure 1).

The parameters SER and Tpeac Were not found to be significantly different among the
three dose groups (p > 0.08 for malignant lesions overall, Table 2). For DCIS lesions, the SER
of Dose Group 1 was higher than that of Dose Group 2 (p=0.02, but not significant after the
Holm Bonferroni correction), however this trend was not observed in IDC lesions. There was a
trend for E; and Epeax to increase from lower to higher injected dose in malignant lesions overall,
as well as in IDC lesions separately (Table 2). However, these differences were not statistically
significant (p>0.048). After normalizing the parameters E; and Epeax to estimate their values had

a fixed dose of 0.1 mmol/kg been administered, this trend was no longer apparent (Figure 2). In

other words, the values of E/*™ and E 2" were comparable among the three dose groups,

eak

particularly for IDC lesions.



Linear regression also demonstrated that an increased injected dose yielded an increased
E1 and Epeax (Figure 3). Interestingly, DCIS and IDC lesions both demonstrated a similar slope
of the line-of-best-fit for the parameters E; and Epeax. Based on the slope of the fitted line, an
increase (or decrease) in dose of 0.05 mmol/kg resulted in an increase (or decrease) of 97% in E;
and 56% in Epeax for IDC lesions, and 78% in E; and 82% in Epeac for DCIS. In addition, using
the line of best fit, the value of E; at 0.1 mmol/kg for DCIS was approximately 160%, and for
IDC was approximately 353%. However, the 95% confidence bands for all fits were relatively
large, thus limiting the accuracy of these approximations. The parameter SER did not vary by
dose for IDC lesions. However, for DCIS lesions SER increased slightly with decreasing dose,

which is once again related to the higher average SER observed in Dose Group 1.
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DISCUSSION

We set out to quantitatively analyze the association of contrast kinetics in malignant lesions
with dose of contrast administered. Our results suggest that varying the dose of administered
contrast affects the initial uptake and peak enhancement of the kinetic curve when measured
quantitatively: those injected with a lower dose exhibit a lower E; and Epeax, although this
difference was not statistically significant. On the other hand, we found no difference in
quantitative or qualitative measures of overall kinetic curve shape, suggesting that diagnostic
interpretation criteria are not affected when variable doses are administered. After normalizing
the parameters E; and Epeax to approximate their values had contrast been consistently injected at
0.1 mmol/kg, comparable levels of contrast uptake were exhibited across dose groups. This
implies that contrast should be administered at fixed dose rather than fixed volume to reduce
inter-patient variability of contrast kinetics, which is certainly in concordance with conventional
wisdom and guidelines (9). However, studies analyzing the effect of patient weight on contrast
kinetics even when a fixed dose is administered should be performed to ensure that similar
contrast kinetics are indeed achieved. For example, compromised cardiac output in obese

women may be complicating factor.

If injecting contrast media at a fixed dose is preferable, what should this dose be? While the
ACR practice guidelines recommend 0.1 mmol/kg, large trials evaluating the efficacy MR
screening for women at high risk of developing breast cancer, as well as those studying optimal
diagnostic criteria, have used both 0.1 mmol/kg (15-18) and 0.2 mmol/kg (19, 20). While dose-

response studies of other contrast agents such as gadobenate dimeglumine have been
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performed(21, 22), there have been relatively few papers comparing lesion enhancement with
dose of contrast administered. Hewyang-Kolbrunner et al found that injecting contrast at a
higher dose of 0.16 mmol/kg increased lesion percent enhancement and conspicuity compared to
injecting at 0.1 mmol/kg(23). Based on historical review, it appears that the recommendation of
0.1 mmol/kg stems from the FDA approved dosage for DCEMRI of CNS or body (intrathoracic,
intra-abdomincal, pelvic and retroperitoneal) in the early 1990°s (24-27). Thus, further
investigations of the appropriate magnitude for administered dose of Gd-DTPA for breast MR

imaging are likely warranted.

Due to recent concerns regarding dose of administered contrast for patients at risk of
developing nephorgenic systemic fibrosis (NSF), the ACR recommends that contrast be
administered at half-dose in these patients(9). Our results quantifying the relationship between
dose and enhancement percentages caution that injecting at a half dose of 0.05 mmol/kg could
potentially drop the typical E; of IDC and DCIS lesions to 256% and 83%, respectively (Figure
3). Although our application of linear modeling and extrapolation is certainly limited, it suggests
that injecting at half-dose may compromise the reliable detection of the earliest stage of breast

cancer. Additional study is needed in order to fully evaluate this effect.

There are several limitations to this retrospective study. Patient weight was determined by
reviewing manually completed patient history forms, which may have not been accurately filled.
In addition, this study would have been ideally been performed in the same patient, i.e., injecting
one patient with different doses to determine the dose response of each lesion separately, rather

than calculating a population average of kinetic parameters over all lesions. There were
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limitations of the kinetic curve evaluation as well. Two imaging protocols with different timing
resolution had been used. This affects the accuracy of the parameters Epeax and Tpeax, hOwever
because the first and last post contrast images were acquired at similar times for both protocols
E; and SER are not adversely affected. Furthermore, the kinetic curve was generated manually
by one radiologist; it is likely that other radiologists may have selected different kinetic curves
and parameters. Finally, the relationship between enhancement percentage and dose of contrast
administered is a nonlinear function of pulse sequence parameters and contrast media
concentration(28). We used linear regression here as only a first approximation of the overall

behavior.

To summarize, we have quantified the relationship between dose of contrast administered
and resulting kinetic curve parameters. In doing so, our results suggest that while under-dosing
patients at risk for NSF may be necessary, it may also compromise the reliable detection of DCIS
and moderately enhancing invasive cancers. We have confirmed that contrast should be
administered at fixed dose, although future work should be done to determine what that dose

should be.
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FIGURE CAPTIONS

Figure 1: The distribution of BI-RADS qualitative descriptors of initial rise (left) and delayed
phase (right) for each dose group, where Dose Group 1 had been injected with the least dose and
Dose Group 3 with the highest. The top two plots are for all malignant lesions, and the bottom

two for IDC lesions specifically.

Figure 2: The average values of E;, E;"™ Epeakand Epeak ™ for each dose group, in IDC and

DCIS lesions seperatley.

Figure 3: Scatter plot of kinetic parameters as a function of dose for DCIS and IDC lesions
separately. The measured Kinetic parameter values are displayed with open circles. The line-of

—best-fit is shown in black, while thin gray lines represent 95% confidence bands of each fit.



Table

Table 1: Patients in this study were classified into three groups based on quantity of

administered dose.

Dose Group 1 Dose Group 2 Dose Group 3

Dose range 0.071-0.122 0.123-0.155 0.156-0.201
(mmol/kg)

Average dose 0.105+0.015 0.139+0.008 0.175+0.0141
(mmol/kg)

Number of 31 53 24
patients

Average patient 53.6+£13.1 55.8+14.1 56.0+£16.7
age (years)

Average patient 215+36 15949 12710
weight (pounds)

Number 34 58 28
malignant lesions

Number of IDC 16 30 14
lesions

Number of DCIS 15 15 9

lesions




Table 2: Quantitative kinetic parameters E1, Epeak, Tpeak @nd SER for malignant, IDC and DCIS

lesions in each dose group.

Type of lesion  No. cases E1(%) Epeak (90)  Tpeax (S€C) SER

g— All Malignant 34 254+146  298+167 215+97 1.09+0.43
§ —  DCIS 15 184+122  216+134 225+103  1.09+0.46
é IDC 16 301+139  363+169 202+89 1.05+0.36
g— All Malignant 58 284+167  344+166 233+110  0.97+0.37
§ ~  DCIS 15 204+106  319+181 318+107  0.74+0.30
é IDC 30 341+179  375%172 183+82 1.09+0.32
g— All Malignant 28 348+205  381+197 202+95 1.06+0.31
§ » DCIS 9 238173  275x154 245113  0.85+0.24
é IDC 14 4394212 467212 166+71 1.22+0.30
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Short T2* componentsin the normal murine mammary gland and pre-invasive carcinoma may aid in detection of early breast
cancer.

S. A. Jansen!, X. Fan? E. Markiewicz?, G. Newstead? and G. Karczmar?
University of Chicago, Chicago, IL, United States, *University of Chicago

Introduction: Ductal carcinomain situ (DCIS) is the earliest stage of breast cancer, where cancer cells are still confined by
mammary ducts. While dynamic contrast enhanced MR imaging (DCEMRI) of the breast has demonstrated excellent sensitivity
for early invasive breast cancers, improvements in the diagnostic accuracy of DCEMRI for DCIS is highly desirable.
Relaxometry of pure DCIS isimportant to improve diagnosis of these lesions; however this is difficult to perform in women due
to the challenge of isolating and identifying ducts with DCIS. Recently, we have reported for the first time that noncontrast MR
imaging techniques can reliably detect early mammary cancer in mice, including single ducts with DCIS. Here, we use
transgenic mouse models to perform relaxometry of murine DCIS and normal tissue.

M ethods: Female C3(1) SV40 Tag transgenic mice (n=8) were used under IACUC compliance. MR imaging was performed
on a9.4T Bruker magnet. Initially, gradient echo images were acquired for lesion localization (1). Three slices containing
normal tissue, DCIS, tumors and lymph nodes were then selected for measurements of T1 (RARE with variable TR, 4 RARE
partitions, TE=12.3 ms, FOV = 3.0x3.0, NEX=2, slice thickness= 1.00 mm, in plane resolution=234 microns), T, (spin SE with
variable TE, TR/min TE=4000/14.1 ms, FOV=3.0x3.0 cm, NEX=1, dlice thickness=1.00, in plane resolution 234 microns) and
To* (MGE, variable TE, TR/min TE: 400/1.5ms, FOV=3.0x3.0 cm, NEX=1, slice thickness=1.00, in place resolution 234
microns). Signal intensity vs. time curves were generated for several regions of interest: ducts with DCIS, early invasive
tumors, normal mammary tissue, and lymph nodes. To calculate T, and T,*, the curves werefit to S(t) = A, exp(-t/ A,) andto

test for biexponential decay S(t) = A exp(-t/ A,) + A, exp(-t/ A,) ; to calculate T, curves were fit to: S(t) = A (1—exp(-t/ A,) .

Results: The average relaxation parameters are displayed in Table 1 for DCIS, normal tissue, tumors and lymph nodes. Normal
mammary tissue and DCIS displayed biexponential T, and T,*decay (Figure 1), with short T,* components: below 3.0 ms for
DCIS and 1.0 ms for normal tissue, on average. In comparison, lymph nodes and early invasive tumors exhibited
monoexponential decay, with longer T, and T,* decay times. DCIS lesions were better appreciated on shorter TE images, at
TE=1.5ms compared to TE=5.0 ms, in terms of morphology, size and signal-to-noise ratio.

ROI Tims) Ta(ms) T* (M9 2000 - A DCIS
DCIS (n=5) 649 36.7 2.4/11.7 2 1600 | 4 — — Biexpfitto DCIS

2 \ | A Normal tissue
Normal 1140 90.7 0.7/9.9 2 1200 | —— Biexp fit to normal
tissue (n=8) 3 s00] \
Tumor (n=5) 1331 36.5 121 L § =

o 400 A
Lymph node 1480 41.3 11.7 N M o
(n:8) / 0 10 20 30
Table 1: Average values of Ty, T,and To* in TE (ms)
various regions of interest. For DCIS and Figure 1: Left. Axial GE image demonstrating lymph node (white arrow), small
normal tissue, the T,* decay was bi-exponential,  tumor (yellow arrow), duct with DCIS (red arrow) and normal tissue (dark area,
and both low and high T2* components are green arrow). Right. T,* decay curves of normal tissue and demonstrating bi
indicated. exponential decay and short T,* components.

Discussion: These results represent the first direct measurements of the tissue relaxation parameters of early mammary
cancer, including DCIS. We found that normal tissue and the earliest stage of breast cancer, DCIS, exhibited biexponential T,
and T,* decay, and short T,* components. Furthermore, the lengthening of T,* and the loss of biexponential decay
accompanied tumorigogensis, and may be a predictive marker identifying when DCIS will progress. Due to the short T,*
components, shorter TE images allow for improved visualization of early cancer and normal tissue. Although further studies
are needed in larger numbers of mice, these results do imply that imaging at shorter TE may allow for improved imaging of
DCIS and improved characterization of normal breast parenchymain women, even at lower field.

References: 1.Jansen SA, Conzen SD, Fan X, et d. Detection of in situ mammary cancer in atransgenic mouse model: in vitro and in vivo MRI
studies demonstrate histopathologic correlation. Phys Med Biol 2008; 53:5481-5493.
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M agnetic resonance imaging reveals the progression, regression and indolence of in situ carcinoma.in transgenic mice.

S. A. Jansen’, S. Conzen?, X. Fan®, E. MarkiewicZ’, G. Newstead®, and G. Karczmar*
*University of Chicago, Chicago, IL, United States, 2Medicine, University of Chicago, *University of Chicago

I ntroduction: The processes that trigger progression of preinvasive ductal carcinomain situ (DCIS) to invasive breast cancer
remain elusive'. Transgenic mouse models of cancer provide an experimental framework with which to begin to determine the
key events in progression of breast cancer from DCIS to invasive disease. Because of the small size of in situ mammary
cancers in mouse models, high-resolution imaging techniques are required to effectively observe how lesions develop, grow and
progress over time. Heretofore, due to the challenge of detecting sub millimeter disease, there have been no imaging studies
that could observe the trgjectory of in situ to invasive cancer in mice. Here, we demonstrate that despite its sub-mm size, murine
DCIS can be reliably detected by magnetic resonance imaging (MRI), which we use to track in vivo the transition of in situ to
invasive cancer in transgenic mice.

M ethods: A total of 24 C3(1) SV40 Tag mice, which develop mammary cancer similar to DCIS including progression to
invasive tumors, were used. 12 mice were serially imaged with MRI every 2-3 weeks (FLASH TR/TE: 400/5.5, FOV = 3.0 x
3.0 cm, NEX =2, dlice thickness=0.5mm, in-plane resolution =117 microns and flip angle=30)2. Another 12 mice were used for
dynamic contrast enhanced MR imaging studies (FLASH TR/TE = 30/3.5 ms, slice thickness = 1.0 mm, in-plane resolution =
256 microns, flip angle=20°). The development and progression of DCI S lesions and early invasive tumors was followed, and
several lesion features were measured, such as volume, growth rate, morphology, as well as the time to progression of DCIS to
small invasive tumor. In addition, two-compartment physiologic model parameters Kyans and Ve (related to blood flow, capillary
permeability and surface area, and extra-vascular extra-cellular space) were extracted.

Results: Overall, 31 DCIS and 18 invasive tumors were studied. Small invasive tumors demonstrated increased Kiyans
(0.36+£0.05 min™) compared with DCIS (0.21+0.14 min™). Serial images of 16 DCIS lesions were obtained; these lesions
developed at an average initial volume of 0.3+0.2 mm? with an average growth rate of -0.15 +0.66 week ™ (Figure 1).
Surprisingly, even in mice that are genetically predisposed to develop invasive carcinoma, these lesions took vastly different
progression paths: (i) 9 lesions progressed to invasive tumors with an average progression time of 4.56 + 1.9 weeks (ii) 5 were
stable for over 8 weeks, and were identified by a statistical model to represent indolent disease, and (iii) 2 lesions regressed, i.e.,
the lesion was not detected on future images (Figure 2). Interestingly, larger DCIS volume was not a predictor of future
progression to invasive tumors, but there was a trend for DCIS growth rate to be related to eventual development of
invasiveness.

) 2 ‘ T Tumor « DCIS ‘ Figure 1: 'Sc.af_cter plot c_>f growth rates aqd Iasi'on
S _ 1 —% ‘ X " volume at initial detectl_on of DCIS and invasive
7, g 8 NI . . . - tumors. Most DCIS lesions had growth rates near 0,
£ o and two demonstrated regression resulting in
2z 1€ 2 4 6 8 10 substantially negative growth rates. In contrast, all
G -2 e Lesion volume at initial detection (mm?3) tumors exhibited positive growth rates. The initial

3 volume of early cancers we have detected hereis

smaller thanin any prior report.

Figure 2: Example of DCIS regression. DCISis
visible at 12 weeks of age (left) beside lymph node
(white arrow), but cannot be found six weeks later
anywhere near the lymph node, on MR images or
on histological specimens. Here, only one slice is
shown demonstrating absence of alesion near the
lymph node (right). FOV is3.0x2.0 cm, and in-
plane resolution is 117 microns.

Conclusions: The results reported here are the first direct measurements of the timescales and characteristics of progression
from in situ to invasive mammary carcinoma in mice, and provide direct evidence that DCIS may be a non-obligate precursor
lesion. Small invasive cancers exhibited both increased vascularity and growth rates compared to preinvasive DCI'S, suggesting
that landmark events in disease progression, such as increased angiogenesis and disregulation of cellular growth, occur during
the transition fromin situ to invasive disease. We have presented a new foundation for using non-invasive real-time imaging in
pre-clinical studies of early mammary cancer progression, in particular for testing the efficacy of preventative and
interventional therapies for halting in situ disease progression.

References: 1. Erbas B, Provenzano E, Armes J, Gertig D. The natural history of ductal carcinoma in situ of the breast: areview. Breast Cancer Res
Treat 2006; 97:135-144. 2. Jansen SA, Conzen SD, Fan X, et a. Detection of in situ mammary cancer in atransgenic mouse model: in vitro and in
vivo MRI studies demonstrate histopathologic correlation. Phys Med Biol 2008; 53:5481-5493.
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Kinetic curves of malignant lesions ar e not consistent across M R systems. The need for improved standar dization of breast
DCEMRI acquisitions.

S. A. Jansen’, A. Shimauchi? L. Zak? X. Fan? A. Wood? G. Karczmar?, and G. Newstead?
University of Chicago, Chicago, IL, United States, *University of Chicago

Introduction: Standardization of breast MR image acquisition is not widespread at thistime®. There are several manufacturers of MR
systems, with different k-space sampling methods and coils. Furthermore, dynamic imaging protocols differ across ingtitutions asto
timing resolution, use of fat suppression, and pulse sequences. Unlike x-ray mammography, there are no universally applied quality
assurance procedures to ensure comparable imaging performance among these different systems and protocols. At our institution,
dynamic contrast enhanced MRI (DCEMRI) breast examinations have been performed on three different MR systems. The purpose
was to compare the MR kinetic curve data of malignant lesions acquired by these systems.

Methods: 601 patients with 682 breast lesions (185 benign, 497 malignant) were selected for an IRB approved review. The malignant
lesions were classified as ductal carcinomain situ (DCIS), invasive ductal carcinoma (IDC) and ‘other’. Dynamic MR protocol: 1 pre
and 3-7 post-contrast T, weighted images, acquired using one of three imaging protocol and systems (IPS): IPS1 (1.5T GE Genesis
Signa, 3D SPGR, TR/TE: 7.7/4.2ms, flip angle:30, resolution: 3.00mm thick, 1.4 mmin plane, temp res:68 sec), IPS2 (1.5T GE Signa
Excite, 3D FGRE, TR/TE: 4.3/2.0ms, flip angle:10, resolution: 2.00mm thick, 0.82 mm in plane, temp res: 58 sec) and IPS3(1.5T
Philips Achieva, 3D FFE, TR/TE: 7.9/3.9ms, flip angle: 10, resolution: 2.00mm thick, 0.94 mm in plane, temp res: 55 sec). Analysis
of kinetic curve shape was made by an experienced radiologist according to the BI-RADS lexicon. Several quantitative kinetic
parameters were calculated, including the initial enhancement percentage (E,), the peak enhancement percentage (Epeax), the time to
peak enhancement (T yea) and the signal enhancement ratio (SER, ameasure of washout). The kinetic parameters of malignant
lesions were compared between the three systems.

Results: 304 malignant lesions (185 IDC, 62 DCIS) were imaged on IPS1, 107 lesions (72 IDC, 21 DCIS) on IPS2, and 86 on IPS3
(64 1DC, 17 DCIS). Compared to both IPS1 and IPS2, IDC lesions (as well as malignant lesions overall) acquired on |PS3
demonstrated significantly lower initial enhancement, longer time to peak enhancement and slower washout rate (Table 1, p < 0.0004).
Only 46% of 1DC lesions imaged with IPS3 exhibited “washout” type curves, compared to 75% and 74% of those imaged with IPS2
and IPSL, respectively. The sensitivity and specificity kinetic analysis was lower for IPS3, but not significantly (Figure 1).

Typeoflesons  No.  E1(%) Epeak( Tpex SER Tpeak q‘ |
cases %) () ] mIPS3
& All Malignant 304  286+158 330+155 165+105 1.07+0.48 SER i’_"_‘ M IPS2
[a
“libc 185 313+151 352+149 144+98 1.15+0.50 s Q1Ps1
. Epeak
& All Malignant 107  245+214 3014213 178+126 0.94+0.32
[a] .
“|ioc 72 264+236 3194232 160+96 0.97+0.33 E1 “‘
@ All Malignant 86 1224281 213+356 211+100 0.57+0.33 '. l
— . 0  AzValue 0.5 1
IDC 64  125+309 223+401 203+91 0.56+0.26 Figure 1: ROC curves were generated for each kinetic
S : parameter E;, Epex, SER and T for distinguishing
Table 1: Average values of kinetic parameters E;, Epe, SER and Tpea in benign from malignant lesions imaged on the IPS1,
malignant lesions acquired with IPS1, IPS2 and IPS3. Compared to both IPS1 IPS2, or IPS3 systems. Area under the curve (A,)
and IPS2, IDC lesions (as well as malignant lesions overall) acquired on IPS3 values for the ROC curves are shown above,
demonstrated significantly lower initial enhancement, longer time to peak demonstrating decreased diagnostic performance for
enhancement and slower washout rate IPS3 imaged lesions.

Discussion: The kinetic curve data of malignant lesions acquired by one system exhibited significantly lower initial contrast uptake
and different curve shape compared with the other two. These discrepancies in malignant lesion presentation adversely impacted the
sensitivity and specificity of kinetic analysis. Differences in k-space sampling, T1 weighting or magnetization transfer effects may
be possible explanations. This study underscores the importance of standardization of DCEMRI acquisition protocols, so that (i)
malignant lesions are sufficiently conspicuous, and (ii) similar interpretation guidelines can be applied across al systems and
protocols. Such standardization will be important if breast DCEMRI isto be used routinely in patient management.

References: 1. Kuhl C. The current status of breast MR imaging. Part |. Choice of technique, image interpretation, diagnostic
accuracy, and transfer to clinical practice. Radiology 2007; 244:356-378.
Acknowledgements. We would like to thank the Segal foundation for financial support.




Acquisition of breast magnetic resonance images using different systems: How is the
assessment of contrast media uptake and washout in malignant lesions affected?

Purpose: Dynamic contrast enhanced magnetic resonance imaging (DCEMRI) has
demonstrated superior sensitivity for detecting earlier cancers compared with x-ray
mammography, and is being used increasingly for high-risk screening, diagnostic
imaging and to evaluate extent of malignant disease. When assessing lesion malignancy
both the morphology and contrast uptake and washout—or kinetics—of the lesion are
important. At our institution DCEMRI breast examinations have been performed on
three different MR systems. The purpose of this study was to compare the MR kinetic
curve data of malignant lesions acquired by these systems.

Methods: 445 patients with 485 malignant lesions were selected for an IRB approved
review. The lesions were classified as ductal carcinoma in situ (DCIS), invasive ductal
carcinoma (IDC) and ‘other’. Dynamic MR protocol: 1 pre and 3-7 post-contrast images,
acquired on a system using a non fat-suppressed dynamic sequence (NFS) and 2 newer
systems by different manufacturers using fat suppressed dynamic sequences (FS1 and
FS2). Kinetic curve data was processed and displayed on a CADstream workstation.
Analysis of kinetic curve shape was made by an experienced radiologist according to the
BI-RADS lexicon. Several quantitative kinetic parameters were calculated, both directly
from the curve data and after fitting to an empirical mathematical model (EMM). The
kinetic parameters of malignant lesions were compared between the three systems.

Results: 299 malignant lesions (185 IDC, 57 DCIS) were imaged on NFS, 104 lesions
(69 IDC, 21 DCIS) on FS1, and 82 on FS2 (61 IDC, 17 DCIS). Compared to both
systems NFS and FS1, IDC lesions acquired on FS2 demonstrated significantly lower
initial enhancement, longer time to peak enhancement and slower washout rate (p <
0.0004). 80% of IDC lesions acquired on FS1 were classified as ‘washout’, compared
with only 46% of IDC lesions on FS2. On both FS1 and FS2, we did not find a difference
in the kinetic parameters of IDC vs. DCIS lesions. However, IDC lesions imaged on
NFS exhibited significantly higher contrast uptake, shorter time to peak and stronger
washout compared to DCIS lesions (p < 0.0001).

Conclusions: The kinetic curve data of malignant lesions acquired by one system
exhibited significantly lower initial contrast uptake and different curve shape compared
with the other two. In addition, on both newer systems, the kinetic parameters of DCIS
were comparable with IDC, which is contrary to what was found on the older system.
Differences in k-space sampling, T1 weighting or magnetization transfer effects may be
possible explanations. The results of this study underscore the importance of developing
standardized acquisition and analysis methods, to ensure that across all available systems
(1) malignant lesions are sufficiently conspicuous and thus reliably detected and (ii)
interpretation of kinetic data is consistent across systems.



In vivo magnetic resonance imaging to probe the development and progression of

murine ductal carcinoma in situ
Sanaz A. Jansen! PhD, Suzanne D. Conzen? MD, Xiaobing Fan! PhD, Gillian M. Newstead! MD, Erica Markiewicz! BSc, Gregory S. Karczmar! PhD.
Department of Radiology, 2Hematology/Oncology, University of Chicago, Chicago IL 60637

Transgenic mouse models of cancer provide an
experimental framework with which to begin to determine
the key events in progression of breast cancer from DCIS
to invasive disease. Because of the small size of in situ
mammary cancers in mouse models, high-resolution
imaging techniques are required to effectively observe
how lesions develop, grow and progress over time.
Heretofore, due to the challenge of detecting sub
millimeter disease, there have been no imaging studies that
could observe the trajectory of in situ to invasive cancer in
mice. Here, we demonstrate that despite its sub-mm size,
murine DCIS can be reliably detected by magnetic
resonance imaging (MRI), which we use to track in vivo
the transition of in situ to invasive cancer in transgenic
mice.

MRI can detect murine DCIS. Twelve mice were
imaged, then sacrificed and glands excised for sectioning and H&E
staining. After correlation with histology, we determined that MRI
was able to detect 13/16 ducts distended with DCIS. An example is
shown in Figure 1.

What is the natural history of DCIS in

SV40 Tag m iCe? Twelve other mice were imaged
serially every 2-3 weeks with MRI. A total of 21 DCIS lesions
developed, and the future progression paths of 16 of these lesions
were studied with MR, yielding three outcomes:

Eigure 1: On the right is an example of in
vivo axial MR image (FLASH GE with fat
suppression) and corresponding H&E
stained section showing DCIS. Each axial
MR image represents one cross-sectional
slice through the mammary gland. We
used an agar grid (a polyethylene mesh
embedded in partially deuterated agar) to
register the axial MR images with the H&E
stained sections. A lymph node (green
arrow) and DCIS (yellow arrow) are
clearly visible. For the MR image, the
display field of view is 3.0 x 2.0 cm.

Mice: A total of 24 C3(1) SV40 large T antigen mice were
used: 12 for a sensitivity study, 12 for serial MR imaging every
2-3 weeks starting at 10 weeks of age. In this model, female
mice develop spontaneous, orthotopic mammary cancer that
resembles human ductal carcinoma, including progression
through atypical ductal hyperplasia, DCIS and invasive ductal
carcinoma (IDC).

MR imaging: Multi-slice axial gradient echo (GRE) images
with fat suppression were acquired to localize lesions and
follow their progression.

This MR image represents one
axial slice through the mouse.
The mammary gland is the
dark region circles in yellow.
This is a normal gland.

Mouse laying in MR imaging
coil. Wrapped around the body
of the mouse is an agar grid used
for registration of images.

1. DCIS prog ression to invasive carcinoma: 9/16 DCIS lesions progressed to invasive carcinoma. Below is an example:
DCIS (yellow arrow) develops at 10 weeks, and in this axial MR image appears in cross section (tiny white dot). By 16 weeks the DCIS lesions has
transformed into invasive cancer (thick arrow). At 20 weeks the tumor has grown larger, and new DCIS has developed around the tumor.

To our knowledge, the results reported here are the first
direct measurements of the timescales and characteristics of
progression from in situ to invasive carcinoma. Our results
also contribute some new interesting observations
regarding SV40 Tag mice:

« Surprisingly, even in these in transgenic mice that
are strongly pre-disposed to develop cancer, some
DCIS lesions did not progress to invasive cancer.
This suggests that at least a second transformational
event is required for cancer progression, beyond
expression of Tag.

Lesion volume was not a predictor of future
progression, but there was a trend for growth rate to
be related to future progression.

The methods and data here provide a foundation for using
MRI in pre-clinical studies of early cancer progression,
prevention and targeted treatment.

2. DCIS indolence: s/16 DCIS lesions did not progress to
invasive carcinoma. Below is an example. DCIS (yellow arrow) has
developed at 10 weeks and does not progress to invasive cancer.

3. DCIS regression: 2/16 DCIS lesions regressed.
Below is an example. DCIS (yellow arrow) is visible at 12 weeks
of age (left) beside lymph node (green arrow), but cannot be found
six weeks later anywhere near the lymph node. Here, only one slice
is shown demonstrating absence of a lesion near the lymph node
(right).

1. Jansen SA, Conzen S, Fan X, et al. Detection of in situ mammary cancer in
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Why does ductal carcinoma in situ enhance on dynamic contrast enhanced MR
imaging of the breast?

SA Jansen, T Paunesku, GE Woloschak, S Vogt, SD Conzen, EJ Markiewicz, GM
Newstead, and GS Karczmar

Purpose: The mechanism for contrast enhancement of ductal carcinoma in situ (DCIS)
breast lesions—which represent neoplastic cells that are still confined within the
mammary ducts—on dynamic contrast enhancement MR imaging (DCEMRI) is not well
understood, and is often modeled as a 2 compartment physiologic model. The purpose of
this study was tox-ray fluorescence microscopy (XFM) of transgenic mouse models of
breast cancer to identify the spatial distribution of Gd following IV injection in mouse
mammary glands with DCIS.

Methods: Fourteen C3(1) Sv40 Tag female transgenic mice, which develop mammary
cancer similar to DCIS, were selected for XFM following institutional approval. Mice
were injected with 0.1 mM/kg Gd-DTPA, sacrificed after 2 minutes, and mammary
glands were excised. Frozen sections containing lymph nodes, ducts distended with
DCIS, and nearby blood vessels were prepared for XFM at the 2-ID XOR CAT at the
Advanced Photon Source at Argonne National Laboratory. Elemental concentrations of
Gd, and lighter elements between phosphorus (P) and zinc (Zn) in the periodic table were
determined in regions of interest in the ducts, lymph nodes and blood vessels.

Results: XFM verified that Gd-DTPA was present in lymph nodes, blood vessels, small
tumors, as well as in portions of mammary ducts distended with DCIS. The average
concentration of Gd in the ducts distended with DCIS was 0.045 ng/cm?, and in blood
vessels was 0.063 pg/cm?®. As expected, Fe was also found in blood vessels, but not in
ducts distended with DCIS.

Conclusion: Our results provide an important new insight into the mechanism of contrast
enhancement of DCIS lesions on DCEMRI: Gd-DTPA can leave blood vessels to enter
ducts distended with DCIS. These ducts may have leaky basement membranes allowing
gadolinium to diffuse inside. This observation suggests that two compartment
pharmacokinetic models may be invalid for DCIS lesions, as they ignore exchange of
contrast with the mammary duct distended with DCIS (representing a 3 compartment).

Clinical significance: Understanding the uptake of Gd in mammary ducts may lead to
improvements in imaging methods, mathematical modeling of kinetic data and
interpretation of DCEMRI.
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Purpose: Ductal carcinoma in situ is a non-obligate precursor to invasive breast cancer in
which cancer cells are still confined by the basement membrane of mammary ducts.
Improving the targeted detection and treatment of DCIS, particularly those aggressive lesions
that will rapidly turn invasive, is highly desirable to improve patient outcomes.

Although dynamic contrast enhanced MR imaging (DCEMRI) can detect some DCIS lesions
after injection of a gadolinium (Gd) chelate, the underlying physiological basis of Gd uptake
is not clear. Our purpose was to use ex vivo x-ray fluorescence microscopy (XFM) and in
vivo DCEMRI of transgenic mice to identify the spatial distribution of Gd following IV
injection in mouse mammary glands with DCIS.

Methods:11 C3(1) Sv40 Tag transgenic mice, which develop mammary cancer similar to
DCIS, were injected with Gd-DTPA, sacrificed after 2 minutes, and frozen sections
containing ducts distended with DCIS were prepared for XFM at the Advanced Photon Source
at Argonne National Laboratory. Elemental concentrations of Gd were determined in and
around the ducts with DCIS. 12 additional mice were imaged with in vivo DCEMRI after
injection of Gd-DTPA, and Gd concentration vs. time curves were obtained and fit to a two-
compartment pharmacokinetic model(with parameters Kians , Ve).

Results: DCEMRI demonstrated contrast uptake along the length of ducts with DCIS, with
average Ktrans:0.2110.14(min'1) and v,=0.40+0.16. Interestingly, XFM demonstrated Gd
uptake inside ducts with DCIS and accumulation within the duct lumen, with an average
concentration of 0.475+0.380mM which is comparable to the in vivo DCEMRI value of
0.30+£0.13mM.

Conclusion: Our results provide an important new insight into the mechanism of contrast
enhancement of DCIS lesions on DCEMRI: leaky basement membranes of DCIS allow Gd
diffusion into the ducts and collection in the lumen. This study provides baseline in vivo and
ex vivo measurements of Gd-DTPA distribution on which targeted agents can be evaluated.
Understanding the uptake of Gd in mammary ducts may lead to improvements in imaging
methods, mathematical modeling of kinetic data and interpretation of DCEMRI.




Detection and Evaluation of Early Breast Cancer via Magnetic Resonance Imaging:
Studies of Mouse Models and Clinical Implementation

Background and objectives

The early detection of breast cancer is a major prognostic factor in the management of the
disease. In particular, detecting breast cancer in its pre-invasive form as ductal carcinoma
in situ (DCIS) improves prognosis greatly compared with invasive tumors. However,
because the natural history of DCIS is not well understood there is a clinical concern that
DCIS may be overdiagnosed and overtreated. The goals of this project are to: (1)
characterize the MR kinetic and morphologic findings of DCIS in women and compare
with benign lesions and other malignant cancers, (2) develop techniques to detect early
mammary cancer in mice, and (3) study the development and progression of early
mammary cancer in mice by performing longitudinal MRI studies of development of
DCIS and transition to invasive cancer.

Brief description of methodologies:

Clinical studies: The contrast media uptake and washout curves were mathematically
analyzed. We analyzed the kinetic characteristics of 79 pure DCIS lesions by nuclear
grade and mammaographic presentation, and also compared the kinetic characteristics of
DCIS with other malignant and benign lesions.

Murine studies: Twelve SV40 TAg transgenic mice were selected for imaging to
determine whether MRI of early cancer, including DCIS, was feasible. MR images were
compared with histopathology. To study the progression of DCIS, eight mice were
selected for serial imaging every 2 weeks from ages 12-18 weeks.

Results to date:

Clinical studies: The variable kinetic characteristics of pure DCIS lesions were
associated with mammographic presentation, but not nuclear grade. Invasive cancers
exhibited significantly larger contrast uptake and stronger washout compared with DCIS
lesions, which in turn showed considerable overlap with benign lesions.

Murine studies: MR images were able to detect 17/18 small (~1mm) tumors, and 13/16
ducts distended with DCIS greater than 300 microns in diameter (Figure 1). DCIS
lesions developed at an average age of 14.5 weeks of age, and small tumors developed at
an average age of 17.3 weeks. 4 of 8 mice not progress from DCIS to invasive cancer
within the study period.

Conclusions, including the potential impact on breast cancer research and/or
treatment

To our knowledge, this is the first demonstration that MRI can detect early murine
mammary cancers, including DCIS, in vivo. We found that some DCIS lesions did not
progress significantly during the study window, illustrating that this mouse model offers
the opportunity to identify and influence factors that predict and affect DCIS progression.
With the results presented here, MR imaging could be used to assess efficacy of therapies
on cancers at all stages of disease (in situ, early and advanced), rather than only the



advanced, palpable tumors that are typically used in current murine therapy trials. In
addition, the methods that prove optimal for image acquisition and analysis in early
murine cancers can be adapted for use in humans in order to improve the accurate
detection of early breast cancer.



Parenchymal Enhancement on Breast MRI May be a Marker for Cancer Risk
Correlation of Parenchymal Enhancement with Breast Density

S. Arkani MSc, G. Newstead MD, V. Chen MD, C Cranford MD, L Zak, H Abe MD, G Karczmar MD, R Schmidt MD, O Olopade MD.

University of Chicago

Objective

Materials & Methods

Discussi

Abstract

Purpose: To classify the parenchymal enhancement pattern at MR imaging and to correlate with breast
density.

Methods: The study population consisted of 185 asymptomatic women who were imaged with a 3D
bilateral dynamic MR sequence. Breast density was classified independently by one reader on digital x-
ray mammograms according to the BI-RADS categories: 1=almost entirely fat, 2= scattered

tissue, dense, dense. The MR parenchymal pattern of
enhancement for each case was classified by one reader as minimal, homogeneous, heterogeneous or
nodular. Parenchymal signal intensity vs. time curves were generated by manually tracing a region of
interest around the total parenchyma visible in a selected pre-contrast coronal slice. The peak
magnitude of relative to the pi signal intensity Eqe[%] was
measured

Results: The average E,.,, was 45 [4% overall. 60% of breasts with scattered fibroglandular tissue
show minimal while 25% show or nodular patterns.
Conversely, 36 % of heterogeneously o extremely dense breasts show minimal enhancement. The
average E,,, was 51% for heterogeneously and extremely dense breasts and 36% for breasts with
scattered fibroglandular tissue.

@ A

significant correlation between breast density and magnitude (E,,) and

peald

pattern (heterogeneous and nodular) of parenchymal enhancement was found (p <0.01). Although
further study is needed, this observation might lead to an improved reproducible quantification method
of assessing breast cancer risk based on breast enhancement patterns.

Background

Parenchymal enhancement refers to the enhancement of normal breast tissue
on dynamic contrast enhanced MRI, as shown below.

Parenchyma is dark on pre-contrast Enhancement seen at 6 minutes

Parenchymal enhancement has not, as yet, been very well characterized.
In prior studies of small numbers of patients (20-50), parenchymal
enhancement has been shown to be greater in women who are between
35-50 years old[1], in weeks 1 and 4 of the menstrual cycle[2] and in
women on hormone replacement therapy (HRT)[3]. Our goal here is to
characterize the pattern and magnitude of parenchymal enhancement in a
large group of asymptomatic women, and investigate the relationship of
parenchymal enhancement with breast density.

a. To classify the parenchymal enhancement pattern and kinetics in a
large group of asymptomatic women.

b. To explore the relationship between parenchymal enhancement and
breast density, menopausal status, HRT and personal history of breast
cancer.

Quantitative Measure of Parenchymal Enhancement Pattern (PEP): A
classification system developed by Dr. Newstead that classifies the
enhancement viewed on coronal slices as minimal, homogeneous,
heterogeneous or nodular. Examples are shown below.

Minimal PEP

Homogeneous PEP

Nodular PEP

Quantitative Measure: We measure the magnitude of the parenchymal
enhancement, E, by first tracing out the parenchyma on the pre-contrast
image, as shown on the left. The kinetic curve on the right represents the
signal intensity vs. time in the selected region.

Heterogeneous PEP

Peak Enhancement Percentage Ep ., =100 X (S;ea-So)/S,

The more the curve rises, the larger E; .,

Patients: 185 patients selected in an IRB approved retrospective review.
Average age 54 yr, range 20-84 yr. All have normal MRI.

Imaging: The dynamic MR protocol used was 1 pre and 5 post contrast T,
weighted SPGR, 68 second time resolution, coronal plane. Digital
mammograms acquired on GE Senograph 2000D.

Image Analysis: Breast density was classified on mammograms by one
reader according to BI-RADS lexicon: 1=almost entirely fat, 2=scattered
fibroglandular tissue, 3=heterogeneously dense and 4=extremely dense. MR
PEP was assessed by one reader on 6 minute post contrast coronal images.
The peak enhancement percentage E,.., was measured as shown above.

Statistical Analysis: The PEP, E,, and breast density was determined for all
cases. The population was then anaﬁyzed by menopausal status
(postmenopausal n=111 and premenopausal n=74), by personal history of
breast cancer status (with history n=55 and without history n=130) and HRT
status in the postmenopausal group (on HRT =21 and not on HRT n=90). To
test the significance of the distributions of PEP between these groups, the 002
test was used, with a p value < 0.05 indicating statistical significance.

Results H‘

The overall distribution of PEP and breast density is shown below. The
average E., was 45 [14%. 58% of postmenopausal women showed minimal
PEP, compared with only 30% of premenopausal women (p<0.001). There
was no statistically significant difference in PEP or E,, distribution based on
personal history or HRT status.

Parenchymal Enhancement Breast Dansity

The average E,, was
51% for heterogeneously
and extremely dense
breasts and 36% for
breasts with scattered
fibroglandular tissue.

OMinimal Opredominanty fat

B Homogeneous

Fibroglandular

DOeterogeneous e,
OINodular dense.

DExemely dense

The distributions of PEP for each category of breast density are shown on the
left below. This graph implies that heterogeneously and extremely dense
breasts are more likely to exhibit heterogeneous or nodular PEP (p<0.001).
Similarly, the distributions of breast density for each category of PEP are shown
on the right, demonstrating that breasts with heterogeneous and particularly
nodular PEP are more likely heterogeneously or extremely dense (p<0.001).

Density Distribution
"

Distribution of PEP.

mscattered
fibroglandular 0T mHomogeneous PEP
Heterogeneously ] -
ense B = Heterogeneous PEP.

Minimal PEP

= Exremey Dense
2 Nodular PEP

vep Breast Density BI.RADS Category

We have presented a new classification system of parenchymal
enhancement pattern (PEP) and documented the PEP and magnitude of
enhancement (E,.) in a group of 185 asymptomatic women. We have
found that PEP and E,,,, does not depend on having a personal history of
breast cancer, nor does it change for women who are on HRT.
Premenopausal women were more likely to exhibit heterogeneous or
nodular PEP, than postmenopausal women. In addition, breasts with
heterogeneous or nodular enhancement,and a larger E_,,are likely to be
heterogeneously or extremely dense .

In some sense, these results aren't very surprising: the more dense the
breast, the more capacity there is for heterogeneous or nodular
enhancement. But it is perhaps the converse that is more interesting: 40%
of breasts with only scattered fibroglandular tissue show non-minimal PEP,
and 30% of extremely dense breasts show minimal enhancement, as
shown below.

Dense breast with minimal parenchymal enhancement

Increased breast density has been linked to an increased risk for breast
cancer [4]. These results point to the possibility that parenchymal
enhancement may provide a refined measure of breast cancer risk. This
possibility has a physiological motivation: higher estrogen levels are a leading
candidate theory for parenchymal enhancement and increased estrogen
levels have also been linked to an increased risk for cancer[5]. These
preliminary results may form the basis for a more detailed prospective study of
the correlation of parenchymal enhancement and risk for breast cancer.
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